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Abstract
In this thesis work, we have examined high-redshift galaxies and quasars using the
available deep imaging fields, e.g., the Hubble Ultra Deep Field (HUDF) and the Great
Observatories Origins Deep Survey (GOODS), by observing with the instruments
ACS/WFC and WFC3/IR onboard the Hubble Space Telescope (HST). Our goal is to
understand the contributions of high-redshift galaxies and quasars to the ionization of
hydrogen, their evolution with cosmic time, and their distribution across the observed
fields.
We start with a derivation of the rest-frame ultraviolet (UV) luminosity function
(LF) at redshift z " 6 using a new application of the maximum likelihood method
and exploring the five deepest HST/ACS fields. We work on the latest improved data
products, which makes our results more robust than those of previous studies. We
are the first in this field to use un-binned object counts and thereby make optimal use
of the information contained in the dataset. We undertake analysis to a magnitude
limit where the completeness is larger than 50% to avoid possibly large errors in the
faint-end slope that are di!cult to quantify. We also take into account the scattering
in and out of the dropout sample due to photometric errors by defining for each
object a probability that an object belongs to the dropout sample (called the f -
factor technique). Our z " 6 LF is thus more reliable than that from any previous
group.
Using the same technique, we find the best-fit Schechter parameters of the LF at
z " 5, 6, 7 and 8. We also study the evolution of the galaxies within the redshift
window 4 < z < 9 in a unified scheme. The picture that emerges in terms of stan-
ii
dard Schechter function parameters is: a constant !!, a slowly steepening ", and a
relatively rapidly dimmed M! towards higher redshifts.
Our research survey continues to search for high-redshift quasars. We are among
the first groups that have studied the high-redshift LF for both galaxies and quasars.
We have identified ten z " 6 candidates in the four deep fields, much less than
expected from those wide surveys at the bright end. Together with our discovery
that there are more faint galaxies at z " 6 , we reach the conclusion that galaxies,
not quasars, are the main sources for continuing the re-ionization of the 900-million-
year universe. Based on our results for the quasar LF, we also predict the quasar
number density at z " 7 and z " 10 as a guide for future searches.
During our study of quasars, we found one at z " 5 that has also been detected
in the 4 Ms Chandra Deep Field South (CDFS). The X-ray observations show a
significant detection, displaying a hardness ratio of HR=0.23 ± 0.24, which, for a
source at z " 5, is highly suggestive of Compton-thick absorption. This is the most
distant obscured quasar discovered so far.
In this thesis work, we have processed thousands of optical and infrared images
from the HST with various PyRAF procedures, e.g., MultiDrizzle, generated source
catalogs with SExtractor based on detection image, tested and modified the dropout
selection criteria for high-redshift objects, inspected images visually and excluded
interlopers or artifacts, developed sophisticated statistical models, and run a series of
IDL/C-language programs to find numerical results.
My thesis advisors are Dr. Massimo Stiavelli and Prof. Colin Norman.
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Our research interests in this thesis focus on the very young universe, especially
observations in the deep fields of the Hubble Space Telescope (HST). We study early
galaxies and quasars for their properties and roles in cosmology.
1.1 Motivation
1.1.1 Cosmology
We first describe the cosmological framework we adopt. It is referred to as the
standard model of the big bang cosmology, i.e., the cold dark matter model with dark
energy (Lambda-cold dark matter, $CDM). More general introductions can be found
in Peebles (1993), Liddle (2003), or Weinberg (2008) and we leave technical details
used in this thesis to the Appendix B.
The curvature of space-time is flat1, in agreement with the assumption that the
universe on large scales is homogeneous and isotropic (the cosmological principle) and
also the observation that the average density of mass-energy is close to the critical one,
i.e., we use the Wilkinson Microwave Anisotropy Probe (WMAP, Komatsu et al. 2011)
11) a theoretical argument known as the flatness problem shows that anything except flat would
evolve too fast and it would require fine tuning for us to be in an almost flat universe, 2) inflation
predicts a flat universe, 3) cosmic microwave background radiation shows that it’s flat.
1
parameters. The geometry and evolution of the universe are determined by physical
laws, i.e., general relativity, and by the fractional contribution of various types of
components: radiation, baryonic matter, dark matter, and dark energy. The standard
model of cosmology starts with an extremely hot state named the hot big bang. The
cosmos then expands fast and cools down, decoupling di"erent components. The
decoupling of matter and radiation is accompanied by recombination of hydrogen.
Following the so-called dark ages, characterized by the absence of discrete sources of
radiation, is the cosmic dawn when collapse of gravitational density perturbations of
baryonic matter around dark matter halos leads to the birth of the first stars. These
stars are massive and short-lived, and then explode as supernovae, sometimes leaving
behind the first black holes (BHs). More and more infant galaxies form, merge, and
quickly grow supermassive BHs in their nuclei and become luminous quasars. The
ultraviolet (UV) radiation from these sources ionize the intergalactic hydrogen gas
into protons and electrons, initiating the epoch of reionization.
Exploring the first stars, galaxies, and quasars is vitally important for astron-
omy. As summarized by Stiavelli (2009), firstly, the reionization of hydrogen is a
global phase transition a"ecting the range of viable masses of galaxies; secondly, it
makes it possible to probe the density fluctuations emerging from recombination at
scales smaller than are accessible by current cosmic microwave background (CMB)
experiments; and lastly, we may learn about processes relevant to the formation of
the nuclei of present-day giant galaxies and perhaps also find clues to the connection
between the growth of BHs and evolution of their host galaxies. The formation and
evolution of galaxies and quasars, from the first stars at very high redshifts to the
diversified galaxies in the present universe, are among the most important questions
in astronomy that are moderately close to a full understanding (Giavalisco 2002).
Reionization is less an event than a process, extended in both time and space.
(e.g., Wyithe & Loeb 2004; Stiavelli 2009), from z " 6 (e.g., Fan et al. 2006b)
to possibly higher than z " 20. The initial pre-overlap stage consists of individual
ionizing sources turning on and ionizing their surroundings. The overlap phase begins
when neighboring HII regions begin to overlap. At the end of this stage, the low-
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density intergalactic medium (IGM) has been highly ionized, and this landmark is
most often referred to as the moment of reionization. Then the post-overlap phase
continues indefinitely because collapsed objects retain neutral gas even in the current
universe. Many models yield a reionization redshift around 7 % 12 (e.g., Loeb &
Barkana 2001; Barkana & Loeb 2001; Ciardi & Ferrara 2005). At the end of overlap,
the IGM is heated by the ionizing radiation and the intergalactic Jeans mass increases
dramatically, changing the minimum mass of forming galaxies (e.g., Miralda-Escudé &
Rees 1998). $CDM cosmology predicts the first non-linear dark matter condensations,
2-3 # peaks of the primordial density field on mass scales of 105"6 M#, collapse at
redshifts z = 15% 20 (Haiman 2009).
The above theoretical investigations have been well confirmed by observations.
The recent measurement of the optical depth to electron scattering by WMAP (Ko-
matsu et al. 2011) suggests that there are sources of radiation that significantly
ionize the IGM at redshift z " 10.6 ± 1.2 under the assumption that the universe is
reionized instantaneously from the neutral state to the fully ionized state. The detec-
tion of CMB anisotropies also continues to confirm that the large-scale structure in
the universe originates from small-amplitude density fluctuations at early times (e.g.,
Peebles 1993).
We adopt $CDM cosmology: %M = 0.3, %! = 0.7, and H0 = 70 km s"1 Mpc"1.
Magnitudes are in the AB system.
1.1.2 Open Questions
Even though the big picture of reionization has been put together, many details
remain unknown. Which sources ionize the universe during the epoch of reionization:
galaxies or quasars? And exactly when does reionization occur? What is the process
of formation and evolution of galaxies and quasars at high redshifts? What are the
interactions between these sources and their environment? What is the surface density
of galaxies and quasars? These are questions we address in this thesis.
Given that theoretical guidance is very uncertain because it requires a large num-
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ber of assumptions and free parameters, direct empirical information is essential in
guiding the investigation. As shown in the next Section, deep imaging surveys by the
HST provide us a unique opportunity to study the early galaxies and quasars in detail,
e.g., their luminosity function (LF), with the help of the Lyman-break technique.
1.2 Observations
1.2.1 Early Galaxies and Quasars
The main objects we focus on in this thesis are high-redshift quasars and galaxies.
Quasars are thought to be extremely powerful and distant active galactic nuclei
(AGNs). The observations of quasars began in the late 1950s with radio telescopes
and the term quasar was coined (Chiu, 1964) soon after 3C 273, the optically-brightest
of its kind in the sky, was found to be at a cosmic distance.2 Emitting radiation from
X-ray to far-infrared, some quasars are also strong sources of radio or gamma-ray
emission. Their spectra are characterized by a high redshift and by a combination of
very broad lines with narrow forbidden lines. The widths of the broad lines result-
ing from Doppler shifts are due to the high speed of the gas emitting those spectral
lines. The narrow-line clouds lie further out, moving more slowly. A high redshift im-
plies large distances associated with the expansion of the universe, and consequently,
huge luminosities. The energy for quasars comes from accretion disks around central
SMBHs, which, by gravitational force, can convert 10% of the mass into energy as
compared to 0.7% for nuclear fusion process that dominates inside stars of solar mass.
Quasar’s host galaxies become ordinary galaxies when they run out of surrounding
gas and dust, after a few (tens of) Myrs of accretion.
Gunn & Peterson (1965) first proposed using Ly" resonance absorption in the
spectrum of distant quasars as a direct probe of the neutral hydrogen density in the
IGM at high redshifts. At 1.5 < z < 2.5, the UV ionizing background is dominated
by quasars whereas at z > 3, the density of luminous quasars decreases faster than
2Shields (1999) presents a detailed discovery history of quasars.
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that of star-forming galaxies so that their contribution is less prominent. Studies
have shown (e.g., Fan et al. 2001, Jiang et al. 2009, and Willott et al. 2010) that
quasars could not have maintained IGM ionization at z " 6 , as the quasar number
density drops dramatically towards high redshift and the shape of the LF at z " 6
is not much steeper than that at z < 3. On the other hand, the strength of quasar
emission lines remains roughly constant through cosmic history (SDSS, Fan et al.
2006a, Abazajian et al. 2009). The z " 6 quasars have very similar properties to
their lower-redshift analogues in the rest-frame UV, visible and X-ray bands (e.g.,
Fan et al. 2006b), suggesting they are already evolved objects. Therefore, quasars
have a strong evolution in the values of their luminosity but do not exhibit significant
changes in other properties, and it is not well understood what is the cause of the
luminosity evolution. All known z " 6 quasars are listed in Table 4.1. The host
galaxies surrounding quasars have been identified in some cases, and they may be
star-forming too (Schramm et al. 2008).
Most galaxies known at z > 3 are those that are still forming new stars (star-
forming galaxies), especially with Ly" emission, due to the well-known detection bias.
Glazebrook et al. (2004) and Cimatti et al. (2004) have found “old”, evolved, massive
galaxies when the universe was only 3 billion years old. These studies are forcing
astronomers to consider whether massive galaxies grew much earlier than predicted
by the hierarchical model, or whether the stars in these galaxies formed in a di"erent
way from our expectations. Hierarchical galaxy formation is the model whereby
massive galaxies form from an assembly of smaller units. This model succeeds in
describing the clustering of galaxies, but the evolutionary history of massive galaxies
is not accurately predicted.
Large ground-based telescopes such as the Keck 10-meter telescopes, the 8-m Very
Large Telescopes (VLTs) of the European Southern Observatory, the 8.3-m Subaru
telescope and the 8-m Gemini North and Gemini South telescopes make redshift
determinations possible for such early galaxies, which are too faint to be spectro-
scopically identified by earlier generations of telescopes. They also confirm several
z#7 candidates (e.g., Vanzella et al. 2011 and Lehnert et al. 2010) selected by the
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Lyman-break technique (Chapter 1.2.3), as well as about one hundred z " 6 galaxies
(Chapter 2).
1.2.2 Hubble Space Telescope and Deep Surveys
The best instrument so far to detect faint high-redshift sources is the Hubble
Space Telescope (HST). HST is a space telescope that was carried into orbit by space
shuttle Discovery in 1990. Named after astronomer Edwin Hubble, it is built by
the United States space agency NASA, with contributions from the European Space
Agency, and is operated by the Space Telescope Science Institute in Baltimore.
The Advanced Camera for Surveys (ACS) camera, installed on March 7, 2002,
is designed to provide the HST with a deep, wide-field survey capability from the
near-UV to near-infrared (IR) at 1100 nm. One of the three channels of the ACS is
the Wide Field Channel (WFC), which has "202&202 arcsecond field of view from
3700 - 11,000 Å. The detector employs a mosaic of two 2048&4096 Scientific Imaging
Technologies (SITe) CCDs, with "0.049 arcsec/pixel. The initial design and scientific
capabilities of the ACS were defined by a team based at Johns Hopkins University
(Ford et al. 2003).
One deep survey of the HST/ACS is the Great Observatories Origins Deep Survey
(GOODS, Giavalisco et al. 2004), which combines deep observations also from the
Spitzer Space Telescope in the IR, and the Chandra Space Observatory in the X-ray.
Two fields of 10&16 arcmin field of view center on the Hubble Deep Field North (12h
36m 55s, +62$ 14m 15s) and the Chandra Deep Field South (3h 32m 30s, -27$ 48m
20s) respectively.
With the desire to see fainter and further galaxies, astronomers observe even
deeper fields beyond the GOODS. The Hubble Ultra Deep Field (HUDF, Beckwith
et al. 2006), a million-second-long exposure, is the deepest image of the visible universe
ever taken. The field consists of a single ultra-deep field observed by four filters of the
ACS/WFC: F435W (56 orbits), F606W (56 orbits), F775W (150 orbits), and F850LP
(150 orbits). The pointing is (3h 32m 39s, -27$ 47m 29.1s) with "11 arcmin2 field of
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view, a subregion of the GOODS-South field.
There are 1980 objects detected both by the GOODS and the HUDF. At bright
magnitudes, z850 < 26, the two surveys match pretty well (Fig. 1.1), with the GOODS
magnitude slightly fainter, possibly because of the choice of zero magnitudes. When
the GOODS reaches close to its detection limit, it fails to count all the photons from
faint sources so that they look much fainter than their actual brightness as detected
by the HUDF. In the meanwhile, other parameters measured by the GOODS also
become invalid at the faint end, e.g. the stellarity (Fig. 1.2). In the magnitude
24.5 < z850 < 25, there are only seven out of 126 objects having di"erent stellarity
($S/G < 0.1) measured by the GOODS and the HUDF, whereas in the magnitude
range 26 < z850 < 26.5 there are 74 out of 299 of them. This justifies additional
observations going deeper than the GOODS, i.e., the HUDF, and warns us to be
careful at the faint limit of the surveys (e.g., Table 2.2).
Between the GOODS and the HUDF, the Hubble Ultra Deep Field Follow-up
(UDF05, Oesch et al. 2007) has two principal fields: NICP12 (3h 33m 03.60s, -27$
41m 01.8s) and NICP34 (3h 33m 07.7s, -27$ 51m 47.0.1s), which are the two Near
Infrared Camera and Multi-Object Spectrometer (NICMOS) parallel fields that are
acquired while the HUDF is imaged with ACS (Thompson et al. 2005).
The most relevant HST NIR instrument for high-z studies is the Wide Field Cam-
era 3 (WFC3). It was installed on May 14, 2009, designed to provide HST with a
high-sensitivity, high-resolution, wide-field survey capability covering a broad wave-
length range, from the near-UV at 200 nm to the near-IR at 1700 nm. One of the
two channels of the WFC3 is the Infrared channel (IR), which has "136&123 arcsec-
ond field of view from 800 - 1700 nm. The detector employs a 1024&1024 Teledyne
low-noise, high-QE HgCdTe detector array, with "0.13 arcsec/pixel. The HUDF09
program (Oesch et al. 2010; Bouwens et al. 2010a) has devoted 192 orbits to obser-
vations of the three fields of HUDF and UDF05, using the newly available WFC3/IR
filters: F105W, F125W and F160W.
All these deep fields observed by the HST/ACS and the HST/WFC3 constitute
an unparalleled treasure for studying faint sources lying at comic distance.
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1.2.3 Lyman Break Technique
To best select high-redshift objects observed by the HST, we need to apply the
Lyman break technique.
Gunn & Peterson (1965) show that even a tiny neutral hydrogen fraction in the
IGM would produce a large optical depth at given wavelength. Absorption by the
Ly" forest clouds implies that above z " 2, only sources in a small redshift range are
visible to a typical point in the IGM.
Distant sources can be photometrically discovered by the Lyman-Break technique
(e.g., Steidel et al. 1999). Hydrogen gas clouds lying along the line of sight absorb
UV radiation, so that the detected flux drops significantly at corresponding wave-
lengths, e.g., near-IR for the first generation objects. If we observe that an object
has a very red color with two adjacent broadbands, i.e., being much brighter on the
longer wavelength band, then it is called a dropout and is probably a high-redshift
source. More comprehensive selection criteria should also be satisfied, usually asking
for additional blue color measurements in the non-ionizing continuum. High-redshift
star-forming galaxies can be selected by this technique in a very e!cient and e"ective
way (e.g., Malhotra et al. 2005 and Vanzella et al. 2009).
Current estimates of the star formation rate (SFR) at z " 6 mostly come from
photometrically-selected F775W-band dropouts in the deep fields observed by the
HST (Chapter 1.2.2). Large samples of dropouts have been collected and are waiting
for spectral confirmations. Without spectroscopy, it is still possible to measure the
LF and the SFR precisely as we will see in Chapter 2, if the contaminations and
completeness are well estimated, together with solid statistics. Table 1.1 lists rough
numbers of them in the HUDF, with other "5000 sources at lower redshifts in the
same field.
1.3 Luminosity Function
To answer all these questions posed in Section 1.1.2, we need to count the sources,
in magnitude and in redshift.
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From as early as the 1930s, astronomers have tried to quantify the statistical
nature of the evolution of galaxies by studying their luminosity distribution - known
as the luminosity function (LF). One of the key features of this thesis is to derive the
most updated LF of distant galaxies and quasars.
The LF provides us with a robust handle to compare the di"erence between di"er-
ent sets of galaxies and allows us to assess the statistical nature of galaxy formation
and evolution. The LF describes the relative number of galaxies of di"erent luminos-
ity (brightness) by counting them in a co-moving volume which measures the number
density of galaxies per unit of luminosity L,
dN = !(L)dLdV (1.1)











where !! is a normalization factor that defines the overall density, L! is the charac-
teristic luminosity at the knee of the function, and " defines the faint-end slope of
the LF and is usually negative, implying more faint galaxies than bright ones.
It is common to convert the equation from absolute luminosity to absolute mag-
nitude M " 2.5 logL, with the help of !(L)dL = !(M)dM ,
!(M) = (0.4 ln 10)!!10
0.4(1+!)(M!"M) exp(%100.4(M!"M)). (1.3)
1.3.1 Methods
Many methods have been developed to estimate the LF, as reviewed in Johnston
et al. (2011). We introduce here two non-parametric approaches and their drawbacks,
and leave the detailed explanation of our parametric approach in Chapter 2.3.
The “e"ective volume” (Veff) technique (Steidel et al. 1999) is the generalization






where Ni is the number of galaxies in the given magnitude bin and Veff,i is the e"ective
co-moving volume considering selection bias.
In the stepwise maximum likelihood method (SWML, Efstathiou, Ellis, & Peterson
1988), the LF is parameterized as a series of step functions,
!(M) = &!i W (Mi %M), (1.5)
whereW (x) represents two window functions, W (x) = 1 when%'M/2 ( x ( 'M/2,
and 0 otherwise. The likelihood L is given by
lnL = &W (Mj %Mk) ln!k % &&!j H(Mmax,k %Mj)'M, (1.6)
where H(x) represents three window functions, H(x) = 1 when x > 'M/2, 0 when
x < %'M/2, and x/'M + 1/2 otherwise.
These two methods depend essentially on binning the data, which is exactly the
reason we do not use them. Binning may lose information, and lead to biased results
dependent on bin size. At the same time, having very few luminous candidates in
current high-redshift surveys, there is huge uncertainty about the numbers in the
bright bins since the candidates could jump into adjacent bins due to photometric
errors. Simulations by Trenti & Stiavelli (2008) show that binning is likely to a"ect
the confidence regions for the best-fit parameters. Therefore, we would like to employ
one parametric approach in our later calculations, namely, the maximum likelihood
estimator (STY79, Sandage, Tammann, & Yahil 1979).
1.4 Thesis Overview
The thesis is organized as follows:
In Chapter 2, we derive the galaxy LF at z " 6 by studying five deep fields
observed by the ACS/WFC. With un-binned data, we modify STY79, introduce the
f -factor technique, and find a steeper slope in the LF than previously thought.
In Chapter 3, we derive the galaxy LF at z " 7 and z " 8 combining images
observed by the ACS and the WFC3, and examine the evolution of the LF from
4 < z < 9.
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In Chapter 4, we derive the quasar LF at z " 6 from the deep fields. Faint quasars
are much less than expected. We also search for quasars at other high redshifts.
In Chapter 5, we present the discovery of an obscured z " 5 quasar by match-
ing sources in the HST and the Chandra. It is the highest redshift Type 2 quasar
discovered, and the only one at z " 5.
In Chapter 6, we end with a summary of the thesis work and indicate possible
directions of future research.
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Figure 1.1 Comparison of magnitudes in the HUDF and the GOODS.
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Figure 1.2 Comparison of stellarity in the HUDF and the GOODS.
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Table 1.1. Rough Numbers of Dropouts in the HUDF
redshift windowa candidates number
B435-dropoutsb 3 < z < 5 400
V606-dropoutsc 4 < z < 6 200
i775-dropoutsd 5 < z < 7 100
z850-dropoutse 6 < z < 8 20
YAB-dropoutse 7 < z < 9 10
J125-dropouts z > 8 3
aThe original dropout technique does not allow that
an object can drop into di"erent redshift window. The
selection is exclusive. But the selected dropouts can ac-
tually be found spectrographically at other redshifts. We
will introduce the f -factor in Chapter 2 to deal with this.
bChapter 6.
cChapter 5.




GALAXIES AT REDSHIFT SIX
In this chapter, we present a derivation of the rest-frame 1400Å luminosity func-
tion (LF) at redshift six from a new application of the maximum likelihood method.
We consider the five deepest HST/ACS fields, i.e., the HUDF, two UDF05 fields, and
two GOODS fields. We work on the latest improved data products, which makes
our results more robust than those of previous studies. We use un-binned data and
thereby make optimal use of the information contained in the dataset. We focus on
the analysis to a magnitude limit where the completeness is larger than 50% to avoid
possibly large errors in the faint end slope that are di!cult to quantify. We also
take into account scattering in and out of the dropout sample due to photometric
errors by defining for each object a probability that it belongs to the dropout sample.
We find the best fit Schechter parameters to the z " 6 LF are: " = %1.87 ± 0.14,
M! = %20.25 ± 0.23, and !! = 1.77+0.62"0.49 & 10"3 Mpc"3. Such a steep slope sug-
gests that galaxies, especially the faint ones, are the main sources of ionizing photons
in the universe at redshift six. We also combine results from all published stud-
ies at z " 6 to determine confidence level at 95% for the LF parameters, namely,
%20.45 < M! < %20.05 and %1.90 < " < %1.55. The luminosity density has been
found not to evolve significantly between z " 6 and z " 5, but considerable evolution
is detected from z " 6 to z " 3. A version of this Chapter has been included in Su
& Stiavelli et al. (2011).
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2.1 Introduction
Deep imaging surveys, such as the Great Observatories Origins Deep Survey
(GOODS, Giavalisco et al. 2004) and the Hubble Ultra Deep Field (HUDF, Beck-
with et al. 2006), have been extensively analyzed to study galaxy properties out to
the reionization epoch. The rest-frame ultraviolet (UV) galaxy luminosity function
(LF) is measured for samples of Lyman break galaxies (LBGs) and used to detect
cosmic evolution. The consensus that has developed is that a considerable increase in
the space-density of galaxies at the bright end of the LF occurs from redshift z " 6
(Bunker et al. 2004; Yan & Windhorst 2004; Beckwith et al. 2006; Bouwens et al.
2006)1 to z " 3 (e.g., Steidel et al. 1999). However, there are still some discrepancies
in the interpretation of this evolution, in terms of density, slope, luminosity, or a
combination of these. Bunker et al. (2004) undertake a photometric analysis of the
HUDF i775-dropouts and propose that the density increases six-fold from z " 6 to
z " 3, in agreement with Beckwith et al. (2006). Yan & Windhorst (2004) push the
detection limit deeper to magnitude 30, finding a steeper faint slope at z " 6 com-
pared to z " 3 by 0.2-0.3. Furthermore, Bouwens et al. (2006) estimate corrections
to the measured quantities to account for various observational e"ects and conclude
that the intrinsic luminosity is "0.8 mag fainter at z " 6. Their conclusions remain
qualitatively unchanged after Reddy & Steidel (2009) recently revisit the LF param-
eters at z " 3. On the other hand, ground-based observations, e.g., McLure et al.
(2009), find an even stronger luminosity evolution.
Di"erent measurements of the luminosity density (LD) or star formation rate
(SFR) also give somewhat di"erent results (e.g., Bunker et al. 2004; Bouwens et al.
2006). It is important to establish whether these observed di"erences are due to
intrinsic di"erences in the evolution of di"erent galaxy populations or due to issues
with the derivation of the LF.
Spectroscopic confirmations of z " 6 galaxies, e.g., Malhotra et al. (2005), Dow-
Hygelund et al. (2007), Hathi et al. (2008) and Vanzella et al. (2009), have already
1The results of these groups are summarized in Table 2.4.
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proven the e"ectiveness and robustness of the dropout technique in selecting LBGs.
However, the faint LBGs, which are essential to determining the faint-end slope of
the LF, have not been spectroscopically confirmed because they require impractically
long exposure time on large telescopes.
Therefore, to improve upon the previous studies of the z " 6 LF and to estab-
lish its form, a number of di!cult issues should be considered. (a) Optimal use of
the data: a single field provides us with only a handful of candidates so that some
magnitude intervals contain only very few objects. Thus, it is very important to keep
all the information. In order to do so, we use un-binned data. (b) Completeness of
the catalogs: the correction to the number of objects observed at faint magnitudes is
significant due to the detection incompleteness. We adopt a more moderate magni-
tude limit than other groups in order to avoid possible uncertainties brought by large
corrections. (c) Photometric errors and biases: a strict color cut used for i775-dropout
selection may lose real LBGs and is a"ected by contaminants. For each galaxy within
or outside the selection window, we explicitly consider its probability of being an
actual LBG by assuming a Gaussian distribution for the photometric error.
On the basis of the HUDF images (Beckwith et al. 2006, hereafter paper I), the
UDF05 images (Oesch et al. 2007, hereafter paper II), and the HUDF09 images (Oesch
et al. 2010; Bouwens et al. 2010a), we are now in a position to study properties
of LBGs from z " 0 to beyond z " 8 utilizing Hubble Space Telescope’s (HST)
unparalleled deep optical and infrared (IR) view. In this paper, we plan to further
develop techniques to derive the LF at z " 6 using the procedures used for z " 5
galaxies in paper II. In particular, we apply the maximum likelihood (ML) method,
which is independent of clustering in our sample, to derive the LF and examine
whether star forming galaxies, especially the faint ones, are responsible for re-ionizing
or keeping the universe ionized at z " 6.
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2.2 Data
We work on five HST/ACS deep fields in four broad bands: F435W (B435), F606W
(V606), F775W (i775), and F850LP (z850). We use the most recent and updated version
of the data, namely: GOODS South (GOODS-S) & GOODS North (GOODS-N) v2.0
data by Giavalisco & the GOODS Team (2008), the HUDF data from paper I, HUDF
NICP12 from paper II, and HUDF NICP34 processed in this work. PyRAF tasks
Multidrizzle and Tweakshifts (Koekemoer et al. 2006) help precisely align the images,
and SExtractor (Bertin & Arnouts 1996) is run in double-image mode with z850 as
the detection band to generate the catalogs. Our survey covers " 350 arcmin2 to a
magnitude limit of z850 " 29, identifying " 1100 LBG candidates at z " 6 , with an
average number of 350 per realization, as shown in Table 2.1.
We have not made use of the WFC3/IR data that are becoming available on these
fields for two main reasons: (a) The IR data are not available over the full fields,
especially only a small portion of the GOODS has been covered. This would force us
to reduce the sample size greatly. (b) We think an important component of this work
is a comparison with other published results which are based on the simple one color
selection rather than a full two-color selection. We do make a quick check of the IR
information in the HUDF in Section 2.3.1 and will leave a full investigation for future
work.
We also do not use ground based data for two main reasons: (a) The two GOODS
fields are already large enough to provide good constraints on galaxies brighter than
the knee of the Schechter function. (b) We prefer to work with a homogenous data
set in terms of filters and detector QE curves.
2.3 Luminosity Function of LBGs at z " 6
The completeness function C(m) (m is the apparent/detected magnitude) and
the selection function S(m, z) (z is the redshift) are measured by performing recovery
simulations in the same way as in paper II, i.e., by inserting artificial galaxies into
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our science images and rerunning SExtractor with the same setup as for the original
catalog generation. We use a %%distribution %2.2 ± 0.4 (Stanway et al. 2005) and
a size distribution following a scaling of (1 + z)"1 as in Ferguson et al. (2004). For
each redshift bin $z = 0.1, we thus compute the color a galaxy would have with
the randomly chosen %%value and insert it in the images. The input magnitudes
are following a flat distribution from 24 % 29, but the selection function is given at
observed magnitudes, simply by computing the fraction of galaxies that we insert
with the measured output magnitude which is selected by the i775-dropout criteria.
C(m)dm is defined as the probability that a galaxy of magnitude m in the images
is selected in the catalog, which depends strongly on SExtractor parameters such as
DEBLEND. Thus, it is important that the recovery simulations are done using the
same SExtractor parameters used to derive the catalog. S(m, z)dmdz represents the
probability that a LBG at a given redshift z and at a given observed magnitude,
m , satisfies the selection criteria. Naturally, the product of these two functions
C(m)S(m, z)dmdz is the probability that a galaxy at redshift, z , is detected with
magnitude, m , AND selected as a LBG.
The UV LF can be expressed in Schechter form as,
!(M) = (0.4 ln 10)!!10
0.4(1+!)(M!"M) exp[%100.4(M!"M)] (2.1)
with the absolute magnitudeM = m%DM(z)%Kcor(z), where DM(z) is the distance
modulus and Kcor(z) is the K-correction from observed z850 to rest-frame 1400 Å.
Binned data were initially utilized by many groups to derive the shape of the LF.










dmC(m)S(m, z)!(M(m, z);!!,M!,") (2.2)
where dVC/dz is the comoving volume element of the survey. Binning may lose
information, and lead to biased results dependent on the bin size. At the same time,
having very few luminous candidates in current high-z surveys, there is uncertainty
about the numbers in the bright bins since the candidates could jump into adjacent
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bins due to photometric errors. Simulations by Trenti & Stiavelli (2008) show that
binning is likely to a"ect the confidence regions for the best-fitting parameters.
To overcome these drawbacks, in this section we present an improved approach
based on the ML method (Fisher 1922; Sandage et al. 1979, STY) to make optimal use
of every possible LBG in the fields. As also pointed out by Trenti & Stiavelli (2008),
the STY ML estimator relies essentially on un-binned data. We determine the shape
of the LF by exploring every single detected dropout. First, we find the probability
for each galaxy that it could be selected as a LBG, considering the photometric
uncertainty of the catalogs (Section 2.3.2). Second, we choose galaxies randomly by
the above probability and run our ML process (Section 2.3.3). Third, we repeat the
above step enough times to achieve convergence.
2.3.1 Selection Criteria
We adopt the i775-dropout selection criteria from paper I, i.e.,
i775 % z850 > 1.3, (2.3)
S/N(z850) > 5, (2.4)
S/N(V606) < 2 or V606 % z850 > 2.8. (2.5)
The dominant criterion, i.e., the SExtractor MAG ISO color i775 % z850> 1.3, will
be further discussed in Section 2.3.2. The signal-to-noise ratio S/N(z850) > 5 is
demanded for each candidate to largely avoid interlopers (later this subsection) or
slope steepening (Appendix A), and to be consistent in comparing with z " 3 results
from Steidel et al. (1999) and with z " 5 results in paper II. The photometric errors
also take into account the correlated errors present in the images as discussed in paper
II. In addition, we require for CLASS STAR < 0.75 if the MAG AUTO magnitude
z850< 28.0 for the HUDF, < 27.5 for the UDF05 (NICP34 might be shallower than
NICP12 because of the roll issue and a PSF not as tight), and < 26.5 for the GOODS
in order to remove stellar contamination at the bright end (e.g., Bouwens et al. 2006,
and paper II). Only galaxies with C(m) > 0.5 have been included to avoid large
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uncertainty corrections (Table 2.2). The selection has been proven to be very e!cient
and e"ective. All the spectroscopically confirmed i775%z850> 1.3 z " 6 LBGs through
the HUDF/GOODS follow-up surveys (e.g., Malhotra et al. 2005; Vanzella et al. 2009)
satisfy our criteria, with only one exception, and no Galactic star could pass the
CLASS STAR test.
We have estimated the possible fraction of interlopers by applying our selection
criteria of equations (3)-(5) to a library of "3000 synthetic SEDs built on Bruzual-
Charlot models (Bruzual & Charlot 2003), adopting the LF derived by Steidel et al.
(1999) at z " 3 and no evolution. The models include the e"ects of intergalactic
absorption (Madau 1995), and span a wide range of metallicities (0.04-2.5 Z#), dust
reddening (no extinction, or eight values logarithmically spaced between AV = 0.05
and 6.4), emission lines (no lines or lines computed from first principles from UV SED
for Hydrogen and fit to Cloudy models for metal lines), and di"erent star formation
histories (burst, constant at fixed metallicity, constant at evolving metallicity without
infall or with infall, two component models with an old component and a young
one which may include emission lines). We consider 18 ages logarithmically spaced
between 1 Myrs and 18 Gyrs. And no model older than the universe is included. We
can see from the resulting redshift distribution (Fig. 2.1) that there is a lower redshift
population z " 1, 2 of galaxies that may be selected as LBGs at z " 6 due to the
aliasing between the Lyman break and the 4000Å break (See e.g., Dahlen et al. 2010,
for more discussions). In Fig. 2.2, we have identified our i775 % z850> 1.3 candidates
detected by the WFC3 F105W (Y105) band in the HUDF to verify that our sample
does not have many interlopers.
2.3.2 f-factor
Photometric scatter introduces large uncertainties in numbers and magnitudes of
the LBG candidates, and therefore, in determined properties of the LF. If a strict
color cut such as i775% z850> 1.3 was applied, the impact of photometric errors would
not be fully explored, and many real LBGs with a little bluer measured color may
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be missed due to photometric errors. A relaxed cut, e.g., i775 % z850> 0.9, on the
other hand, su"ers from larger contaminations. For example, Malhotra et al. (2005)
found five objects at intermediate redshifts and four intrinsic z " 6 galaxies within
0.9 <i775%z850< 1.3, which means the contamination rate in the relaxed color window
may be as high as 5/(5 + 4) = 56%.
To account for this e"ect, we calculate the probability that each object is an LBG,
which decides how often it could contribute to the later maximum likelihood (ML)
process. If p(m)dm is the probability that a galaxy is of magnitude m in the catalog,




where the integration of i775 is taken over i775 % z850> 1.3. The real magnitude
m is assumed to be a Gaussian distribution around its cataloged magnitude mc (See
Appendix A for details). In practice, one could find the values of f -factor with a Monte
Carlo method by simply generating Gaussian distributed magnitudes repeatedly to
see how often the i775 % z850> 1.3 color would be satisfied. A 2-# magnitude limit is
adopted if there is no detection in the i775-band.
It is easy to see that f > 0.5 when the cataloged i775%z850> 1.3 while f < 0.5 when
the cataloged i775 % z850< 1.3, and f = 0.01 corresponds to the cataloged i775 % z850
" 0.9 when the z850 and i775 errors are both 0.2. All f # 0.01 galaxies are used in the
subsequent ML analysis, i.e., 1% chance of being included in one realization. Table
2.1 shows that essentially about 25% - 50% candidates in each field will participate
in one realization, which brings our sample into agreement with other groups within
the magnitude window in study, such as Bouwens et al. (2007). (See Fig. 2.3 and
Table 2.3.)
2.3.3 V-Matrix
Due to the unique long tail of the ACS z850-filter, the K-correction can be as
large as 2.2 mag at z = 5.7 and goes down to 0.3 mag at z = 7.0. Thus, with
distance modulus varying by 0.5 mag there could be a 2.4-mag scatter in UV rest
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frame absolute magnitudes in realizations at 5.7 < z < 7 for any given observed
z850-magnitude. In other words, the relation between M and m is very uncertain.
Therefore, although it is applicable at where M is relatively insensitive to redshift or
the redshift span is relatively small, the e"ective volume Veff technique does not fit
in our case. This forces us to seek a new formalism.








(z)!(M ;m, z) (2.7)
and it does not need to be of Schechter form. The V-matrix is therefore,


















The integrations are always taken over the region of interest, for example for the
HUDF, 5.7 < z < 7.0 and 24.0 < m < 28.5. (The bright limit is introduced for
calculations only when there is no candidate detected beyond this magnitude, and
an even brighter limit will not a"ect the results since the LF is greatly suppressed at
this end.) C(m) has been included in the calculation of V (m, z) so that there is no
additional completeness correction factor in p(mi). 2
When combining di"erent fields, e.g., the GOODS and the HUDF, no additional
rescaling factor is needed in the ML method (Trenti & Stiavelli 2008). The inputs
to the ML process are the V-matrix and the magnitudes m of selected candidates.
In each realization, candidates are selected from the pool in a probability as to their
f -factor. The outputs are M! and " in as many as possible realizations, when the
averages and errors have been convergent. The uncertainty of m considered in the
2We note that Marshall (1985) adopted a similar approach to ours and he did not have to take
the integration of redshift as shown above since the redshifts of their objects were already known.
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ML process only yields minor errors when several hundreds of galaxies are surveyed
(Appendix A). !! is determined by &2 fit to the observed LBG densities with respect
to the 1-# 2-parameter contour of M! and ".
The LF parameters we derive for z " 6 are: " = %1.87±0.14, M! = %20.25±0.23,
and !! = 1.77
+0.62
"0.49 & 10"3 Mpc"3, as illustrated in Fig. 2.4. We notice our faint end
slope " is slightly steeper than that from some other studies. This could partly be
caused by a steeper slope at z " 7 (e.g., Oesch et al. 2010; Trenti et al. 2010) since
we include up to z = 7 LBGs in our estimate of the z " 6 LF.
2.3.4 Evolution of !'
Since we are investigating a relatively large redshift range 5.7 < z < 7.0 and
finding indication of LF evolution, it is a good sanity check for us to explicitly consider
the e"ect of evolving LF parameters. Assuming M! and " are uniform in this redshift
range, we assign a linear evolution !!(z) = !!(6.3)[1 % 57(z % 6.3)] and repeat the
analysis described in Section 2.3.1 - 2.3.3. We find that " = %1.92 ± 0.13, M! =
%20.22 ± 0.21. The closeness to our derived parameters for no evolution, i.e., " =
%1.87± 0.14 and M! = %20.25± 0.23, shows that our results are robust with respect
to an evolution of the LF normalization within the redshift range of i775-dropouts .
2.3.5 Evolution of M'
Similar considerations to those in the previous subsection lead us to explore a
variation of M! within the i775-dropout redshift window. We do so by assigning
M!(z) =M!(5.9) + 0.36(z % 5.9)] (Bouwens et al. 2007; Oesch et al. 2010) while
keeping uniform values of " and !!. We find " = %1.91 ± 0.08, which is also within
one sigma of our non-evolving derivation.
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2.4 Comparison to Other Results
We have verified the internal consistency and robustness of our results and we are
now ready to compare them to other studies.
2.4.1 Most Probable z " 6 LF
To deal with the weighted average of results from di"erent groups, we follow Press





(PGi + PBi) (2.10)




] and PBi " 1S exp[
"(Hi"H0)2
2S2 ] are the probability distribu-
tions of “good” and “bad” measurements, respectively, where i denotes di"erent mea-
surements, and S should be assigned to be large enough to ensure that measurements
do not conflict with each other. When extending this method to two-dimensional
analysis, we also consider the correlation between M! and " (Fig. 2.4). Press (1997)
puts almost no weight on those measurements without errors where PGi = 0 and
PBi is widely spread. Instead, we assume here a moderate error of 0.3 for those six
groups, i.e., Bouwens et al. (2004), Bunker et al. (2004), Dickinson et al. (2004),
Yan & Windhorst (2004), Malhotra et al. (2005), and paper I. Combined with the
other four measurements providing errors, i.e., Bouwens et al. (2006), Bouwens et al.
(2007), McLure et al. (2009), and this work, we find there is about a 95% chance that
%20.45 < M! < %20.05 and %1.90 < " < %1.55, assuming all the current studies are
independent and correct. (See Table 2.4 and Fig. 2.5.)
2.4.2 z " 5 LBGs LF revisited
In order to further test the method used here, we derive the faint end slope of the
z " 5 LBG LF using the same catalogs and the same selection criteria as those in
paper II. To study the HUDF and NICP12 data that lack enough bright candidates
to determine M!, we fix M! = %20.7 to find " = %1.72± 0.04, which is in agreement
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with the previous results (their Table 3). Thus, our method, designed to deal with the
varying K-correction in z850 and to account for additional uncertainties, is equivalent
to our previous method in the simpler V606-dropout case.
2.4.3 z = 3 " 6 Luminosity Density







where x = L/L!(z). We find there is considerable evolution between z " 6 and z " 3,
but no statistically significant evolution between z " 6 and z " 5. More details are
in Table 2.5 and Fig. 2.7 where x0 = aL!(3)/L!(z) and a=0.3,0.2,0.04. At lower
redshifts there are fewer recombinations in the di"use medium and therefore the re-
quired flux density to keep the universe ionized increases with increasing redshift. If
the universe has finished reionizing at z " 6 , then it will be kept ionized at z " 5
since the required LD at z " 5 is less than that at z " 6 and the observed ones are
close to each other.
2.5 Conclusions
In this paper, we have reported the results of a study of a large sample of faint
LBGs in the redshift interval 5.7 < z < 7.0. Working on the five deepest HST fields
with their most updated data, we account for the e"ect of photometric errors by
introducing the factor f as the probability of each galaxy to be an LBG. We employ
un-binned data to keep all the information and to avoid bias, and we develop a
modified ML process to reduce the e"ect of the uncertain relation between M and
m. Our best-fitting Schechter function parameters of the rest-frame 1400Å LF at
redshift z " 6 are: " = %1.87± 0.14, M! = %20.25± 0.23, and !! = 1.77+0.62"0.49 & 10"3
Mpc"3, which suggest evolution of M!, possible steepening of ", and no change of
!! compared to their values at z " 3. Such a steep slope suggests that galaxies,
especially the faint ones, are possibly the main sources of ionizing photons in the
universe at redshift six (Stiavelli et al. 2004b). Combining ten previous studies at
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z " 6 with the extended Press method, we find that the most probable LF favors
%20.45 < M! < %20.05 and %1.90 < " < %1.55 at the 95% confidence level. The LD
has been found not to evolve significantly between z " 6 and z " 5, but considerable
change is detected from z " 6 to z " 3.
If " remains constant from z " 6 to z " 3 as stated by e.g., Bouwens et al.
(2007) and Reddy & Steidel (2009), it will be di!cult to tell the intrinsically evolving
parameter, M! or !!, from faint LBGs only, while too few bright LBGs are found
due to the limited area of current deep surveys. Ground-based surveys such as the
Subaru Deep Field (Shimasaku et al. 2005; McLure et al. 2009) are extremely e!cient
in detecting bright LBGs in a large field of view and might clarify whether M! or
!! alone is not responsible for the change of LF, while splitting the z850-band into
two separate bands may be useful to isolate the e"ect of a possible slope steepening
(Shimasaku et al. 2005). We look forward to including IR data from WFC3 on board
HST to improve the selection of z " 6 LBG candidates, and the bright end of the LF
will be better determined when the data from CANDELS/ERS (e.g., Bouwens et al.
2010a) and the BoRG survey (Trenti et al. 2011) are becoming available.
27
Table 2.1. Dropouts in Our Sample
HUDF GOODS-S GOODS-N NICP12 NICP34
Ntota 115 373 502 120 54
Nsb 58.1±2.3 103.1±6.5 116.2±7.0 33.9±3.0 23.5±5.7
aTotal number of galaxies in our candidates pool.
bAverage number of galaxies in one realization.
Table 2.2. Completeness of the Fields
z850 HUDF NICP12 NICP34 GOODS
24.25 0.95 0.95 0.96 0.96
24.75 0.94 0.94 0.95 0.96
25.25 0.93 0.94 0.94 0.95
25.75 0.92 0.93 0.93 0.94
26.25 0.91 0.92 0.92 0.86
26.75 0.89 0.91 0.87 0.61
27.25 0.87 0.86 0.70 0.30
27.75 0.79 0.72 0.43 0.10
28.25 0.60 0.47 0.19 ...
28.75 0.37 0.23 0.07 ...
aCentral bin magnitude.
bOnly data with completeness above half are
considered to avoid large uncertainty corrections.
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Figure 2.1 Predicted redshift distribution for i775-dropouts as derived assuming syn-
thetic SEDs and a non-evolving LF in the redshift window 5.7 < z < 7. The total
interloper fraction is estimated to be 24% and is primarily contributed by lower red-
shift galaxies selected as LBGs due to the aliasing between the Lyman break and the
4000Å break. The model is conservative and at the relatively bright end (z850< 27.5)
comparison with Malhotra et al. (2005) shows a factor of two fewer interlopers than
predicted by the model.
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Figure 2.2 Color-color diagram of the HUDF i775%z850> 1.3 candidates. z850 image is
rescaled to match Y105 to get the z850-Y105 color. The dash lines give a possible i775-
dropout selection criterion, namely i775%z850> 1.3 and z850-Y105 < 1 + 0.09(i775%z850-
1.3).
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Figure 2.3 Color-magnitude diagram of the HUDF candidate pool. Candidates are
indicated as filled circles whose radius is proportional to the f -factor, and asterisks are
those objects with f -factor less than 0.2. The diamonds are i775-dropouts selected
in one realization for use in later ML process, and the line segments connect the
cataloged and realized positions in the diagram.
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Figure 2.4 Likelihood contour for the best fit Schechter parameters of the z " 6
LF. The contours, inner to outer, stand for 1-parameter 1-#, 2-parameter 1-#, and
1-parameter 2-# likelihood contours averaged over realizations for use in the ML
process.
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Figure 2.5 Most probable parameter space at z " 6 based on ten studies. The inner
contour includes 68% probability and the outer 95%, assuming all the studies are
independent and correct. Two nearby squares are from Bouwens et al. (2006, 2007),
a third square is from McLure et al. (2009) who combine their data with Bouwens
et al. (2007), and the diamond is from this work. As illustrated in Fig. 2.4, M! and
" are strongly correlated, so we do not plot their error bars, which can be found in
Table 2.4.
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Figure 2.6 Luminosity function from z " 3 to z " 6 .
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Figure 2.7 Luminosity density from z " 3 to z " 6 integrated to 0.3 (diamonds), 0.2
(squares), 0.04 (circles) of L!(z = 3). z " 3 data calculated from Reddy & Steidel
(2009), z " 5 data calculated from paper II, and z " 6 data calculated from this
work. See Table 2.5 for the numbers.
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Table 2.3. Binned numbers of i775-dropouts in the HUDF
z850(1) Nc(2) Nf (3) Ns(4)
24.75 0 0.00 0.01±0.12
25.25 2 1.95 1.94±0.25
25.75 1 0.83 0.84±0.39
26.25 1 1.00 1.26±0.50
26.75 8 8.42 8.11±1.47
27.25 16 15.52 16.54±1.98
27.75 21 19.22 18.07±2.34
28.25 14 11.13 11.30±2.19
afor illustration only, not for
later calculations.
(1)Central bin magnitude.
(2)Number of i775 % z850> 1.3
i775-dropouts from the catalog
without corrections.
(3)Number of i775-dropouts
weighted with their f -factor.
(4)Number of i775-dropouts in
simulations considering f -factor.
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Table 2.4. Studies of the z " 6 Luminosity Function
References Fieldsa Nb " M!
Bouwens et al. (2004) UDF PFs (28.1) 30 -1.15 -20.26
Bunker et al. (2004) HUDF (28.5) 54 <=-1.60 -20.87
Dickinson et al. (2004) GOODS (26.0) 5 -1.60 (fixed) -19.87
Yan & Windhorst (2004) HUDF (30.0) 108 (-1.90,-1.80)c -21.03
Malhotra et al. (2005) HUDF (27.5) 23d -1.80 (fixed) -20.83
paper I HUDF (29.0) 54 -1.60 (fixed) -20.5
Bouwens et al. (2006) HUDF (29.2) ...e 506 -1.73±0.21 -20.25±0.20
Bouwens et al. (2007) HUDF (29.3) ...f 627 -1.74±0.16 -20.24±0.19
McLure et al. (2009) UDS (26.0) 157g -1.71±0.11 -20.04±0.12
this work HUDF (28.5) ...h 1164 -1.87±0.14 -20.25±0.23
aThe fields and z850-band detection limit studied by the reference.
bThe number of candidates.
c%1.9 < " < %1.8.
dall spectroscopically confirmed.
eHUDF (29.2)+HUDF-Ps (28.5)+GOODS (27.5).
fHUDF (29.3)+HUDF05 (28.9)+HUDF-Ps (28.6)+GOODS (27.6).
gplus binned data points from Bouwens et al. (2007).
hHUDF (28.5)+UDF05 (28.0)+GOODS (27.5)
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Table 2.5. Evolution of the Luminosity Density
Reddy & Steidel (2009) paper II this work
(z " 3) (z " 5) (z " 6 )
M! -20.97±0.14 -20.78±0.21 -20.25±0.23
" -1.73±0.13 -1.54±0.10 -1.87±0.14























aSee Fig. 2.7 for the graph.
bin units of 10"3 Mpc"3.
cin units of 1029 erg s"1 Hz"1.
din units of 1026 erg s"1 Hz"1 Mpc"3. LD0.3 means that the





In this chapter, we present a derivation of the rest-frame 1400Å luminosity func-
tion (LF) at redshift four to nine from a new application of the maximum likelihood
method. We consider the deepest HST/ACS fields, i.e., the HUDF, two UDF05 fields,
with two GOODS fields, and the deepest WFC3/IR fields, i.e., three HUDF09 fields,
with the ERS fields. We work on the latest improved data products with more can-
didates, which makes our results more robust than those of previous studies. Similar
to what has been done in Chapter 2 for the z " 6 LF, we use unbinned data and
thereby make optimal use of the information contained in the dataset. We focus on
the analysis to a magnitude limit where the completeness is larger than 50% to avoid
possibly large errors in the faint end slope that are di!cult to quantify. We also take
into account scattering in and out of the dropout sample due to photometric errors
by defining for each object a probability that it belongs to the dropout sample. We
find the best fit Schechter parameters at z " 7 LF are: " = 1.73 ± 0.15, at z " 8
" = 1.79 ± 0.14, assuming M' evolution M!(z) = %20.25 + 0.36 (z % 6). Instead,
at z " 7 M! = %19.96 ± 0.16, at z " 8 M! = %19.66 ± 0.17, assuming no " evolu-
tion. We also study the evolution of the LF parameters within the redshifts window
4 < z < 9 in a unified scheme. The best description of the evolution of the LF from
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1.5 Gyr to 500 Myr is given by: a constant !!, a slowly steepening ", and a relatively
rapidly dimmed M! towards higher redshifts.
3.1 Introduction
The new Wide Field Camera 3 (WFC3) onboard the Hubble Space Telescope
(HST) provides us ultra-deep near-infrared (near-IR) imaging to faint magnitudes
26 < mAB < 30, which makes the study of z#7 galaxies much more ready than
before. A large number of papers (e.g., Bouwens et al. 2010a, 2010b, Bunker et al.
2010, Finkelstein et al. 2010, Grazian et al. 2010, Labbé et al. 2010, Lorenzoni et al.
2011, McLure et al. 2010, 2011, Oesch et al. 2010, 2011, Wilkins et al. 2010, 2011,
and Yan et al. 2010) based on the WFC3/IR data sets have appeared for the last
two years. Ground-based spectroscopy has confirmed several z>7 galaxies (Vanzella
et al. 2011 and Lehnert et al. 2010) selected by the dropout technique (Castellano
et al. 2010 and Bouwens et al. 2010a).
A consistent picture of evolution has been built up. UV continuum of galaxies
appears progressively bluer with increasing redshift (Dunlop et al. 2011, Finkelstein
et al. 2010 and Bouwens et al. 2010b) and their stellar masses are on average smaller
than those of their low-z counterparts (Labbe et al. 2010) while the morphologies
remain essentially unchanged (Oesch et al. 2010). Detailed comparisons between the
high-redshift samples have been performed by several groups, e.g., Finkelstein et al.
(2010) and McLure et al. (2010), and the overlap is reasonably good. Performing
SED fitting to the optical and IR photometry of 300 objects in the HUDF field,
McLure et al. (2010) identify 49 z>5.9 galaxies, recovering all but the faintest one
of the 16 z850-drops by Oesch et al. (2010) and all 5 of the Y105-drops by Bouwens
et al. (2010a). However, at faint magnitudes, photometric uncertainties bring more
objects jumping into the selection window (Appendix A), so that more candidates
are likely at lower redshifts. Therefore, faint sources should be examined carefully
and a probabilistic selection is required and beneficial to avoid bias.
Robertson (2010) uses the Fisher matrix calculations to estimate the marginalized
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(unmarginalized) contraints of $M! " 0.5 (0.15) mag and $" " 0.4 (0.1) from the
completed HUDF09 and ERS data. Trenti et al. (2010) use their improved conditional
LF method to find M! = %20.0 and " = %1.84 at z " 7 if their values at z " 6 are
adopted from Bouwens et al. (2007). Their model also predicts a dimming of "0.3 in
M! and a steepening of "0.1 in " at redshifts 4< z <9. Since the expected change of
the parameters is comparable to the uncertainties constrained from the limited data,
particular care is needed to establish the correct error bars.
Similar to Chapter 2, we have introduced a new statistical approach to study the
rest-frame UV luminosity function (LF) of high-redshift galaxies.1 We use un-binned
data to keep all the information, adopt a more moderate magnitude limit than other
groups to avoid possible uncertainties brought by large corrections, and consider the
probability of each galaxy of being an actual LBG by assuming a Gaussian distribution
for the photometric error. By doing so with the most updated data, we find a steeper
faint-end slope " = %1.87±0.14, a lower characteristic luminosityM! = %20.25±0.23,
and relatively constant density !! = 1.77
+0.62
"0.49 & 10"3 Mpc"3, compared to those at
lower redshifts.
Now we are going to study the evolution of the LF during one billion years, back
to when the age of the universe is only 500 million years. How the LF evolves with the
cosmic time will greatly help us understand the reionization process of the universe.
High-redshift galaxy LF extending to low masses is also useful to weigh neutrinos
(Jose et al. 2011) because the presence of massive neutrinos suppresses the growth
of perturbations, thereby leading to a decreased abundance of collapsed dark matter
halos.
This chapter is organized as follows. In Section 2, we discuss the observations, our
data reduction process and our photometry measurement and catalogue production
technique. In Section 3, our candidate selection procedure is described. In Section
4, we investigate the properties of these objects, including their LF at z " 7 and 8.
In Section 5, we apply our method at z " 6 to the whole redshift window we are
1Mortlock et al. (2011) have a di!erent approach to a probabilistic selection of high-redshift
quasars.
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interested in, 4<z<9. In Section 6, we present our conclusions.
3.2 Data
We have a large sample of galaxies in the deep fields observed by the HST:
the GOODS fields (PI: Mauro Giavalisco, Mark Dickinson), the HUDF field (PI:
Steven Beckwith, Rodger Thompson), the HUDF05 fields (PI: Massimo Stiavelli),
the HUDF09 fields (PI: Garth D. Illingworth), the ERS field (PI: O’Connell), and
the BoRG fields (PI: Michele Trenti). To maintain uniformity of the bands, we could
not use the CANDELS (PI: Sandra Faber, Henry C. Ferguson; Grogin et al. 2011)
data, also because it is di!cult to separate z " 7 and z " 8 galaxies without the very
near infrared Y-band observations, a band between F850LP and F125W. We have a
full view of the SEDs via four optical bands: F435W (B435), F606W (V606), F775W
(i775), and F850LP (z850), and three NIR bands: F105W (Y105)/F098M(Y098), F125W
(J125), and F160W (H160).
The full two-year images are drizzled (Koekemoer 2006) onto a final grid of
0”.06/pix, with matched astrometry to the HUDF (Beckwith et al. 2006), the
HUDF05 (Oesch et al. 2007), and the GOODS-South (GOODSv2.0, Giavalisco et
al. 2004). SExtractor (v2.5.0, Bertin & Arnouts, 1996) is run in double-image mode
with J125 as the detection band to generate the IR catalogs. The optical images are




We select z " 7 galaxies by the same selection criteria as Oesch et al. (2010), i.e.,
z850 % Y105 > 0.8 (3.1)
z850 % Y105 > 0.9 + 0.75 (Y105 % J125) (3.2)
z850 % Y105 > %1.1 + 4 (Y105 % J125) (3.3)
S/N(J125) > 5 (3.4)
S/N(Y105) > 5 (3.5)
and less than 2-# detection in other optical bands. Some di"erent selection criteria
employed by di"erent groups may reach very di"erent numbers of candidates, whereas
their results of the LF are comparable within the errors (Grazian et al. 2010).
For the ERS fields, due to a di"erent Y-band (Y098 instead of Y105) used, the
selection criteria are modified to
z850 % J125 > 0.9 (3.6)
z850 % J125 > 0.8 + 1.1 (J125 %H160) (3.7)
J125 %H160 < 0.5 (3.8)
z850 % J125 > 0.4 + 1.1 (Y098 % J125) (3.9)
Y098 % J125 < 1.25 (3.10)
S/N(J125) > 5 (3.11)
S/N(Y098) > 5 (3.12)
and less than 2-# detection in other optical bands.
To find z " 8 galaxies, we ask for similar selection criteria as Bouwens et al.
43
(2010a),
Y105 % J125 > 0.8 (3.13)
J125 %H160 < 0.5 (3.14)
J125 %H160 < 0.2 + 0.12 (Y105 % J125) (3.15)
S/N(J125) > 5 (3.16)
S/N(H160) > 5 (3.17)
and less than 2-# detection in any optical bands. For the ERS fields,
Y098 % J125 > 1.25 (3.18)
J125 %H160 < 0.5 (3.19)
S/N(J125) > 5 (3.20)
S/N(H160) > 5 (3.21)
and less than 2-# detection in any optical bands.
By assuming Gaussian distribution in magnitudes, we calculate the f -factor for
each galaxy, i.e., its probability to satisfy the above color criteria. All f # 0.01
galaxies are used in the subsequent ML analysis, i.e., 1% chance of being included
in one realization. Visual inspection of the images is also important to exclude some
artifacts.
Astronomers have designed many methods to minimize contaminations. First,
Galactic brown dwarfs can be mostly excluded by their high stellarity (e.g., Chapter
4), especially for the brighter ones. Second, faint spurious sources can be removed by
visual inspection of the images and estimated by studying inverted images. Third,
transient objects such as supernovae may have unusually red color. Fourth, photo-
metric scatter brings objects from outside the selection window but can be carefully
handled by f -factor technique (Chapter 2) and considerable S/N (Appendix A). Fifth,
galaxies with prominent Balmer 4000 Å break can be identified using additional color
information. However, the contamination rate at z " 7 determined by simulations is
sometimes uncertain. Pentericci et al. (2011) confirm 5 galaxies at 6.7 < z < 7.1 out
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of the 20 z-dropouts observed, which is systematically below the expectations drawn
on the basis of lower-z observations (e.g., Vanzella et al. 2010).
3.4 Luminosity Function
Adopting the STY79 procedure (Sandage, Tammann, & Yahil 1979) as in Chapter
2, we maximize the likelihood function lnL =
#





dmdzV (m, z)!(M) (3.22)




Here C(m) is the completeness function, S(m, z) is the selection function, and dVCdz (z)
is the comoving volume element of the survey.
We compare S(m, z) of di"erent fields at z " 6 in the Fig. 3.1. The function is
very close to unity and drops rapidly near the detection limit of the surveys. When
shifting S(m, z) of di"erent fields according to their depth, the function is close to
universal. We also expect the same trend at z " 7 and 8 so that we have tried the
results with a mocked S(m, z) for the ERS fields.
3.4.1 LF at z " 7
As we can see from Table 3.1, there are 23 objects in the HUDF field having a
probability larger that 1% to be a z " 7 galaxies. In addition, there are 33 possible
z " 7 sources in the HUDF09-01 field, 26 in the HUDF09-02 field, and 17 in the ERS
fields. We put their photometric information into the ML process to find the best
fit to the Schechter parameters " = 1.73 ± 0.15, assuming M' evolution M!(z) =
%20.25 + 0.36 (z % 6), as in Chapter 2 adopted from Bouwens et al. (2007); Oesch
et al. (2010).
The UV spectral slope % adopted from Mclure et al. (2011)
% = 4.43 (J125 %H160)% 2.0 (3.24)
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have been found to be very blue % * %2 " %3 (Bouwens et al. 2010, Lebbé et al.
2010, and McLure et al. 2011). Our Table 3.1 also confirms this.
In Table 3.2, we list all the z " 7 LF studies so far on the fields with the WFC3/IR
observations. Their colors can be found in Fig. 3.2. Similar results are found for the
case of the z " 6 LF, and later the z " 8 LF. Di"erent groups marginally agree with
each other.
3.4.2 LF at z " 8
As we can see from Table 3.3, there are 12 objects in the HUDF field having
the probability larger than 1% to be a z " 8 galaxies. In addition, there are 23
possible z " 8 sources in the HUDF09-01 field, 17 in the HUDF09-02 field, and 4 in
the ERS fields. We put their photometric information into the ML process to find
the best fit to the Schechter parameters " = 1.79 ± 0.14, assuming M' evolution
M!(z) = %20.25 + 0.36 (z % 6). It should be pointed out that there are very few
candidates in the ERS fields while many more in the HUDF09 fields. Since we have
exactly the same processes as searching for z " 7 galaxies, the abnormality in number
is possibly due to cosmic variance. Overdensity or under-density has been observed
in several fields.
In Table 3.4, we list all the z " 8 LF studies so far on the fields with the WFC3/IR
observations. Their colors can be found in Fig. 3.3.
3.5 A Unified Frame During One Billion Years
In Chapter 2, we have studied the LF at z " 6 in the HUDF field, NICP12 field,
NICP34 field, and two GOODS fields to find " = %1.87± 0.14, M! = %20.25± 0.23,
and !! = 1.77
+0.62
"0.49 & 10"3 Mpc"3. We also apply the same technique to the z"5 LF
to find " = %1.72±0.04 with M! = %20.7 fixed in the HUDF field and NICP12 field.
In the previous sections of this chapter, we have learned the LF at z " 7 and 8 in the
HUDF field with the exactly same procedure. Being confident about the statistical
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significance of LF evolution results, we attempt to characterize it better by analyzing
all data simultaneously. Therefore, for the next step, we would like to study the
evolution of the LF at 4<z<9 in a unified frame. When applied consistently to data
sets gathered using the same method it should be a good way to compare samples at
di"erent redshifts without a priori knowledge of the underlying source population to
discover significant evolution of the source populations (Beckwith et al. 2006).
Instead of determining the LF at each redshift window, we extend our ML method







dmdzV (m, z)!(M)gi(z), (3.25)
where p(mi) will be run over every candidate at every redshift step, and gi(z) is a
step function to tell the estimator in which redshift window the current candidate
is. If equipped with more SED information from more observing bands, gi(z) can
be generalized to be a probability function, as shown in the Fig. 2.1 of Chapter 2.
Finkelstein et al. (2010) select candidates for their integrated gi(z) from 6 ( x ( 11
being larger than 60%. They push the detection limit to magnitude "29.5, where the
photometric error could be large enough to make the results unreliable (Appendix
A).
3.5.1 Luminosity Evolution
In the pure luminosity evolution (PLE) scenario, it is assumed that massive galax-










We also learn from Chapter 2 that M!(z) = %20.25 + 0.36 (z % 6) fits well at z =
3 % 6. The same evolution holds well at higher redshifts. We find that at z " 7
M! = %19.96± 0.16, at z " 8 M! = %19.66± 0.17, assuming " = %1.80.
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3.5.2 Slope Evolution
For the HUDF field only, " is unlikely to evolve monotonically with redshift since
it peaks at z " 6 , drops at z " 7, and lies in between at z"5 and 8. As we have
pointed out before, cosmic variance plays an important role for pencil beam surveys
(Trenti and Stiavelli 2008, Munoz, Trac and Loeb 2010) and we need more data to
understand the situation. Grazian et al. (2010) find using simulations that " depends
critically on the half light radii of the synthetic galaxies. The size of galaxies evolves
roughly as E"1(z) (Appendix B) from redshift z"1 to z"5 (Ferguson et al. 2004),
but we observe much less change in the slope (Chapter 2).
3.5.3 Density Evolution
In the pure density evolution (PDE) scenario, it is assumed that galaxies emerge
and fade at the same rate for any luminosity. As we can see from the study in Chapter
2, the characteristic luminosity changes a lot from z " 3 to z " 6 , and noticeably
from z " 5 to z " 6 . So it is very unlikely that PDE holds at high redshift. We also
expect to see the density !! drop towards higher redshifts where the first stars are
just beginning to form the first galaxies.
3.6 Conclusions
We find the best fit Schechter parameters at z " 7 LF are: " = 1.73 ± 0.15,
at z " 8 " = 1.79 ± 0.14, assuming M' evolution M!(z) = %20.25 + 0.36 (z % 6).
Assuming " evolution "'(z) = %1.80%0.05 (z%6), we find z " 7M! = %19.96±0.16,
at z " 8 M! = %19.66 ± 0.17. In other words, a constant !!, a slowly steepening
", and a relatively fast dimmed M! towards higher redshifts can best describe the
evolution of the LF from 600 Myr to one Gyr.
Pencil beam surveys in deep fields are su"ering from large cosmic variance (Trenti
and Stiavelli 2008) so that it is very important to include as many fields as possible.
We are including more fields into the calculations, as they are becoming available,
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e.g., the BoRG or CANDELS fields.
With the current depth of the near-infrared observations, it is not possible to
produce better constraints on the UV slopes, dust content, and SFR (e.g., Vanzella
et al. 2011). This issue could be solved with a future investment of HST time, such
as the CANDELS project, together with ground based surveys, such as UltraVISTA.
However, due to the limited spectral coverage available at wavelength greater than
1.8 µm (i.e., beyond HST/WFC3 H-band) statistical studies of z # 9 objects will
likely be limited until the development of the James Webb Space Telescope.
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Figure 3.1 Selection function S(m,z). The blue line is from the GOODS, the green one
from HUDF NICP12, and the black one from the HUDF. It’s clear that the selection
function is very close to unity and drops rapidly near the detection limit of the survey.
The two horizontal lines show that when shifting the selection function of di"erent
fields according to their deepness, the function is universal.
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Figure 3.2 Color-color diagram of z850-dropouts in the HUDF field. Candidates are
indicated as filled circles whose radius is proportional to the f -factor, and asterisks
are those objects with f -factor less than 0.2. See Equation (3.1)-(3.3) for the selection
criteria and Table 3.1 for their photometry.
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Figure 3.3 Color-color diagram of Y105-dropouts in the HUDF field. Candidates are
indicated as filled circles whose radius is proportional to the f -factor, and asterisks
are those objects with f -factor less than 0.2. See Equation (3.6)-(3.8) for the selection
criteria and Table 3.3 for their photometry.
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Table 3.1. Twenty three z " 7 LBGs in the HUDF
RA DEC J125 f -factor z850 % Y105 Y105 % J125
53.17262 -27.76701 27.11 0.01 0.54 -0.06
53.16658 -27.77232 28.02 0.09 0.60 0.12
53.17579 -27.77439 27.69 0.55 0.96 0.04
53.18242 -27.77603 27.77 0.18 0.78 0.19
53.16579 -27.77604 27.99 0.11 0.60 0.12
53.16902 -27.77877 27.99 0.75 1.20 0.08
53.18625 -27.77896 27.10 0.10 1.75 1.09
53.18461 -27.77922 28.03 0.09 0.62 0.13
53.15601 -27.78090 28.15 0.68 0.98 -0.06
53.16890 -27.78131 28.03 0.11 0.72 0.32
53.17733 -27.78238 26.03 1.00 1.53 0.25
53.16491 -27.78234 27.91 0.55 0.99 0.06
53.14553 -27.78372 27.37 0.76 1.02 0.01
53.16544 -27.78433 27.58 0.35 1.01 0.36
53.17332 -27.78458 28.49 0.31 0.72 -0.10
53.16168 -27.78531 27.00 0.97 1.87 0.48
53.17103 -27.78765 27.94 0.81 1.49 0.28
53.15157 -27.78784 28.21 0.60 0.96 -0.02
53.16480 -27.78819 27.05 0.82 2.15 0.62
53.17735 -27.79206 27.10 0.92 1.63 0.35
53.15192 -27.79234 28.23 0.89 2.04 -0.08
53.15322 -27.79822 27.91 0.57 0.83 -0.23
53.15503 -27.80170 28.26 0.50 1.92 0.15
aSee Fig. 3.2 for the graph.
53
Table 3.2. Studies of the z " 7 Luminosity Function
References " M! !! [10"3 Mpc"3 mag"1]
Bouwens +2010b -2.01±0.21 -20.14±0.26 0.86+0.70"0.39
Grazian +2010 -1.7±0.5 -20.1±0.4 0.7±0.5
McLure +2010 -1.72 -20.11 0.7
Oesch +2010 -1.77±0.20 -19.91±0.09 1.4(fixed)
Wilkins +2010 -1.7 fixed -19.9 1.1
Table 3.3. Twelve z " 8 LBGs in the HUDF
RA DEC J125 f -factor Y105 % J125 J125 %H160
53.15889 -27.76499 28.37 0.67 1.32 0.14
53.15748 -27.76669 28.47 0.77 1.40 0.04
53.15680 -27.76708 28.22 0.83 1.34 -0.09
53.15496 -27.77454 28.52 0.64 0.96 -0.46
53.17972 -27.77457 27.77 0.34 0.71 0.08
53.17865 -27.77625 27.84 0.75 1.06 0.01
53.18625 -27.77896 27.10 0.91 1.09 -0.18
53.14174 -27.78067 28.48 0.74 1.14 -0.41
53.17830 -27.78212 28.88 0.22 0.71 0.25
53.14016 -27.78302 28.81 0.39 0.99 0.19
53.16480 -27.78819 27.05 0.08 0.62 -0.05
53.15323 -27.79099 28.02 0.74 1.01 -0.12
aSee Fig. 3.3 for the graph.
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Table 3.4. Studies of the z " 8 Luminosity Function
References " M! !! [10"3 Mpc"3 mag"1]
Bouwens +2010a -1.74 fixed -19.5±0.3 1.1
Bouwens +2010b -1.91±0.32 -20.10±0.52 0.59+1.91"0.32
Lorenzoni +2011 -1.70 fixed -19.5 0.93





In this chapter, we report on our search for high-redshift quasars in the GOODS
and the HUDF fields to probe the faint end of quasar luminosity function (QLF).
Ten candidates at z " 6 have been identified in the four deep fields. By combining
our results with those from the SDSS and the CFHQS, we find that a single-power-
law extending to M1450 * %19 has a slope % = %2.8. However, a double-power-low
distribution is preferred. We also predict the quasar number density at z "7 and 10
for future searches.
4.1 Introduction
Quasars (QSOs) are powered by accretion onto supermassive black holes (BHs).
The successful searches for redshift z " 6 quasars such as the Sloan Digital Sky Survey
main fields (SDSS-main, Fan et al. 2001, 2003, 2004, 2006b) & deep stripes (SDSS-
deep, Jiang et al. 2008, 2009), and the Canada France High-z Quasar Survey (CFHQS,
Willott et al. 2007, 2009, 2010) have found almost 50 of them with spectroscopical
confirmations. Other groups (Mahabal et al. 2005; Cool et al. 2006; Goto 2006;
McGreer et al. 2006; Venemans et al. 2007; Momjian et al. 2008; Mortlock et al. 2009,
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2011b; Zeimann et al. 2011) also discover z#5.7 quasars and have reached the redshift
record of z=7.1 (Mortlock et al. 2011b). See Table 4.1 for a complete list.
A better knowledge of the high-redshift quasar luminosity function (QLF) is es-
sential to understand their formation and early evolution. It would allow us to better
assess quasars’ contribution to the reionization of hydrogen. Consensus has gathered
that quasars are unable to keep the universe ionized at z " 6 (e.g., Willott et al.
2010) but they could still remain an important contributor. An accurate description
of the QLF would also map the BH accretion history and determine how the feedback
from quasars inverts the dark matter halo hierarchical sequence for the collapse of
baryonic matter (e.g. Volonteri & Rees 2006, Granato et al. 2004).
During the past two decades, we have learned a lot about the QLF at low-redshift
and its bright-end at high-redshift. We know from the 2dF QSO Redshift Survey
(2QZ, Croom et al. 2004) that at 0.4 < z < 2.1, the QLF is well fit by a double power
law with pure luminosity evolution, in the sense that the characteristic luminosity of
quasars decreases at lower redshift. The density of luminous quasars (M1450 < %26)
is a strong function of redshift: it peaks at z "2-3 and declines exponentially with
redshift towards earlier and later time (SDSS, Fan et al. 2006b). The co-moving
density of luminous quasars at z " 6 is about 40 times smaller than that at z "3.
Do fainter quasars evolve di"erently at high-redshift?
Unfortunately, the wide survey fields mentioned above do not go deep enough
to determine the knee of the QLF. For example, SDSS-main goes down to apparent
magnitude zAB = 20.5, and SDSS-deep to zAB = 22.2, while CFHQS zAB " 22.7
with one single faint quasar at zAB = 24.4. Jiang et al. (2009) divide all SDSS z " 6
quasars into five magnitude bins and find the bright end slope % = %2.6± 0.3, flatter
than that at z "2 but steeper than that at z "4 derived from SDSS data (Richards
et al. 2006b; Hopkins et al. 2007). Willott et al. (2010) combine all the SDSS and
CFHQS z " 6 quasars to determine % = %2.81. But the break magnitude M! or
faint end slope " have not been constrained well.
Ultra deep fields observed by the Hubble Space Telescope (HST) are actually
available to discover those really faint QSOs. We would therefore like to extend the
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study 3-mag deeper than the SDSS-deep in the Great Observatories Origins Deep
Survey (GOODS, Giavalisco et al. 2004) and 3-mag deeper than the CFHQS in the
Hubble Ultra Deep Field (HUDF, Beckwith et al. 2006) & its parallel UDF05 (PI:
Stiavelli, Oesch et al. 2007), which will greatly shape the z " 6 QLF at the faint end.
4.2 z " 6 Candidates
4.2.1 Selection
We work on four HST/ACS (Ford et al. 2003) deep fields in four broadbands:
F435W (B435), F606W (V606), F775 (i775), and F850LP (z850). We use the most
recent and updated version of the data, namely: the GOODS (south: GOODS-S &
north: GOODS-N) v2.0 data by Giavalisco & the GOODS Team (2008), the HUDF
data from Beckwith et al. (2006), the HUDF NICP12 from Oesch et al. (2007).
We adopt the i775-dropout selection criteria from Beckwith et al. (2006), i.e.,
i775 % z850 > 1.3, (4.1)
S/N(V606) < 2 or V606 % z850 > 2.8. (4.2)
Besides, S/N(z850) > 5 is demanded for each candidate to largely avoid interlopers
and stellarity CLASS STAR (S/G) > 0.85 to select point-like sources at the resolution
of 0.03 arcsec/pixel. We also ask for zAB < 25.5 for the GOODS data and zAB < 27.5
for the HUDF data to minimize contaminations, and ensure that stellarity is well
measured.. Since we are only interested in relatively bright sources in our fields,
the stellarity S/G parameter determined by SExtractor (Bertin & Arnouts 1996) is
valid (cf., Fig 1.2). We do not apply the f-factor technique introduced in Chapter 2
because the requirement of stellarity and brightness allows us to select highly-qualified
candidates for possible spectroscopical observation.
We proceed to rule out those candidates that are close to the locus of stars in
the i775 % z850 vs z850 % J plane. Here the J-magnitudes are generally from GOODS-
MUSIC catalog (Grazian et al. 2006) but we also consider the public GOODS-ISAAC
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catalog (Retzla" et al. 2007) and the GOODS-SIMPLE catalog (Damen et al. 2011)
when available. Essential stars with red i775%z850 colors have also red z850%J colors.
For those objects with blue z850%J color or no measured J-band flux we measure their
proper motion with errors of about 6%10 mas/yr. Retrieving (through StarView1 from
the Multimission Archive at STScI, or MAST2) and combining (through MultiDrizzle,
Koekemoer et al. 2006) ACS images available for more than four-year baseline, we are
able to exclude those moving with 2-# significance or higher. Objects in the GOODS-
S identified as stars in the GOODS VLT/FORS2 spectroscopy survey (Vanzella et
al. 2008) or VLT/VIMOS spectroscopy survey (Popesso et al. 2008) have also been
removed. The remaining objects constitute our z850 ( 25.5 z " 6 QSOs sample which
comprises of 4 candidates in each of GOODS South and North field (Table 4.3). A
similar process has been carried out on the HUDF field with GRAPES (Pirzkal et al.
2004) spectroscopic data helping eliminate brown dwarf contaminants and leaving us
no candidate with z850 ( 27.5. Finally we study the HUDF NICP12 field where two
candidates are included to the final list.
Cristiani et al. (2004) and Fontanot et al. (2007) find altogether twelve 2.7 < z <
5.2 QSOs in the GOODS fields. Our survey in the GOODS is one magnitude fainter
and one redshift deeper than theirs, which gives the number of QSOs expected of
about 7.4 by using slope-flat, close to the candidate number 8 we have now.
4.2.2 Power-Law Fits
The QLF can be fit to a single power law as
! = !! & 10"0.4(#+1)(M1450+26) (4.3)
and the best fits at z " 6 from the SDSS-deep (Jiang et al. 2008) are !! = (5.2 ±
1.9) & 10"9[Mpc"3mag"1] and % = %3.1 ± 0.4, which is consistent with the slope




To estimate how many QSOs are expected in our deep fields based on previous
studies in the wide fields, we apply the results from SDSS-deep to the cumulative
QLF ' )
"
! dM , which gives what we call the “slope-fit”,
(log')fit = 13.27 + 0.84M (4.4)
where M in the Eqn (4.4) is the detection limit of the survey. If the error is decided
by the Cauchy-Schwartz inequality,







we have the 1-# flatter one as the “slope-flat”,
(log')flat = 9.58 + 0.69M (4.6)
Extrapolating the QLF down to the brightness limit we are working with the
GOODS and the HUDF, we predict the number of the QSOs in each field (Table
4.4). The uncertainties are given by cosmic variance distributions for pencil-beam
surveys (Trenti & Stiavelli 2008). It is clear that the slope-flat cumulative QLF agree
with our results better than the slope-fit. We leave detailed discussion to the next
sub-section.
Drawing a single-power fit with the SDSS (main and deep) points, we find that
% = %2.8± 0.1 (4.7)
which is consistent with %3.2 ± 0.7 by the SDSS-main and %3.1 ± 0.4 by the SDSS-
deep. Since the completeness at this bright magnitude is close to one (Chapter 2),
this is the upper limit of the slope by assuming our candidates are all true QSOs.
The real one should be flatter if any of our candidates are interlopers. Our derivation
of the z " 6 QLF can be found in Fig. 4.1.
4.2.3 Compatibility with SDSS
To avoid possibly misleading a posteriori probabilities, we use three di"erent meth-
ods with a priori probability to judge whether our results are compatible with the
SDSS slopes extended to the faint end.
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For the slope-fit, the probability of two being at 1-# away and two being at
2-# away out of four independent tests, as in our case, will be roughly less than
C24 & (32%)2 & (5%)2 = 0.0015, which is quite small compared to that of all within
1-#, (68%)4 = 0.2138. For slope-flat, the probability of three within 1-# and one out
of 1-#, as in our case, will be roughly C14 & (68%)3 & (32%) = 0.4025. It is clear that
the slope-fit is strongly disfavored by our surveys and the slope-flat is quite promising.
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The third method is to check for compatibility between our survey and the SDSS.
Since we have an upper limit for the possible numbers of faint QSOs, the probability






where p(k) is the probability distribution at number k and n is the upper limit.
The Poisson distribution p(k) = )ke"$/k!, where ) is the intrinsic number, usually
has a sharper bump than the distribution with cosmic covariance (e.g. Fig. 1 of
Trenti & Stiavelli 2008) but remains a good approximation when ) is not very large.
For the slope-fit, P= 100% & 100% & 90% = 90%, i.e., there is 90% chance our
results are not compatible with the simple fit of SDSS data. While for the slope-flat,
P = 98.2%& 76.2%& 18.5% = 13.8%, which is again favored.
Therefore, if the QLF at z " 6 is fitted by a single power-law, the slope-flat will
be the answer based on our deep fields and SDSS wide fields. Later study by Willott
et al. (2010) confirms this conclusion.
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4.3 Estimation for other Redshifts
The new HST WFC3/IR camera allows ambitious near-infrared surveys, e.g.,
HUDF09 (PI: G. Illingworth, Oesch et al. 2010; Bouwens et al. 2010a) and CANDELS
(PI: S. Faber & H. Ferguson, Grogin et al. 2011), to detect z > 6 quasars. We are
among the first groups to consider seriously the z > 5.5 quasars in the deep fields.
4.3.1 Quasars at z " 7
Mortlock et al. (2011b) recently find a quasar at redshift of 7.085, with a BH of
two billion solar mass. Such a massive quasar at just 770 million years after the Big
Bang is significant to provide information on the state of the surrounding Universe.
Its spectrum shows tantalizing di"erences from z " 6 quasars, suggesting a high
neutral-hydrogen fraction (>0.1) in the IGM close to the quasar. But one object
does not always tell the whole story, so it will be important to find more quasars at
redshifts above 6.
Now, we employ three evolution models to estimate the minimum absolute mag-
nitude M needed to detect 10 QSOs at z "7 in a 0.25 deg2 survey. The slope-flat
(log')flat = 9.58 + 0.69M at z " 6 is adopted.
1. Study of quasars up to z "5 from Richards et al. (2006b) suggests that the
cumulative QLF, ' * 10"0.5z. The number of QSOs drops to 10% for every two
increasing redshift >3. Therefore, we have
0.69(M %M6) = 0.5(z % 6) + log(V6/V ), (4.10)
where V6 is the comoving volume at z " 6 by a survey as deep as M6 to detect 10
QSOs, V is the comoving volume of field of view 0.25 deg2, and the variables without
su!x are at redshift we are studying, i.e., z = 7. We find that M1450 = %20.91, which
encourages that a future 0.25 deg2 survey as deep as the GOODS survey would have
great chance to find ten z " 7 QSOs. Thus, the QLF can be well determined.
2. Eddington accretion leads to L $ exp( t"t0% ), where the Salpeter time * =
4.5 & 108 & &1"& yr and choosing the radiative e!ciency + = 0.1 gives us * = 50
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Myr. The luminosity and mass of a quasar will more than double in 50 Myr at the
Eddington accretion limit if the supply of nearby gas and dust is su!cient. Therefore,
we have
0.69(M %M6) = (2.5 log e)
t6 % t
*
+ log(V6/V ) (4.11)
to findM1450 = %17.72. This is roughly as deep as the HUDF field and it is unrealistic
in the near future to carry on such a survey.
3. Linear accretion L $ t% t0, where t is the cosmic time since the big bang. t0
could be conveniently chosen as that of z=30 so that
0.69(M %M6) = 2.5 log
t6 % t30
t% t30
+ log(V6/V ) (4.12)
In this case, M1450 = %21.38, which means it is possible for the SDSS to fulfill the
task.
The results are quite di"erent. Model 1 (extrapolation) comes from previous
observations of lower redshifts so it would be expected to well match the real data.
It would also be possible for something peculiar to happen when the time is close
to the end of reionization, since the physical environment becomes di"erent, more or
less neutral instead of mostly ionized. Model 2 (Eddington) gives us an upper limit
of accretion e!ciency so that the resulted M will be fainter than the real one. Model
3 makes a reasonable assumption and can be improved when the start of reionization
can be better estimated.
4.3.2 Quasars at z " 10
We are approaching redshift 10 using the newly installed HST/WFC3 (Bouwens
et al. 2011a), so that it is useful to look into how many quasars there are at that early
epoch of the universe. Assuming quasars SEDs are power-law, f' $ ,!,
mAB()1) = mAB()2) + 2.5" log()1/)2) (4.13)
where " = %0.79 from (Fan et al. 2001) (it could be flatter based on other groups’
estimations, e.g., Barger et al. 2005). The quasar’s Ly" lines will be redshifted to
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about 1.3 µm at z=10 so MJ1450 = %23.81. Adopting the extrapolation (Richards
et al. 2006b) as in Section 4.3.1, we estimate that about one quasar can be found at
the detection limit of apparent magnitude m = 24 for every 110 deg2 of survey.
4.4 Spectroscopical Confirmations
4.4.1 J033216.55-274103.2
Fiore et al. (2011) find it (their 216554) just below detection threshold 3 and
propose that it lies at z > 6. We have selected (in Chapter 2) it an i775-dropout in
the GOODS-S field with iISO = 27.64 ± 0.21, zISO = 26.53 ± 0.09 and therefore its
f -factor=0.20, which means there is 20% chance it is a real high-z object. SExtractor
can not decide its stellarity and assigns as S/G=0.
4.4.2 J033219.05-274429.8
Fiore et al. (2011) find it (their E1611) just below detection threshold 4 and
propose that it lies at z=6.9 (68% in 6.0-7.4). We have not selected it as an i775-
dropout with iISO = 27.88 ± 0.17, zISO = 27.39 ± 0.13. It is also detected in the
V-band, 28.47± 0.18, which further excludes its high-z nature. Its S/G=0.3, but the
parameter may fail at such faint magnitudes (Fig. 1.2).
4.4.3 J033229.29-275619.5
Similar to the description in Section 4.2.1, we have searched to find z " 5 quasar
candidates as point-like V606-band dropouts in the GOODS-S. Unlike the null result
at z " 6 , we find one object, i.e. J033229.29-275619.5, has also been detected by
the 4 Ms Chandra Deep Field South X-ray imaging. Recognized as a quasar at
z=4.76 based on FORS-2 spectroscopy (Vanzella et al. 2006), it now turns out to be
32 spurious detection in 5000 candidates in the X-ray image.
44 spurious detection in 5000 candidates in the X-ray image.
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Compton-thick, and probably the highest-redshift type-II quasar ever found (Chapter
5).
4.4.4 J033238.80-274953.7
It satisfies our i775-dropout criteria to be a z " 6 candidate. Mannucci et al. (2007)
even find it to be a possible z "7 galaxy with the information from HST/NICMOS.
However, many groups have speculated it is a Galactic star (Stanway et al. 2003;
Bunker et al. 2004) and now finally confirm it (Vanzella et al. 2009). We measure it
in four-year HST imaging to find its proper motion of 3.5 mas/yr. This justifies our
removing other high-proper-motion objects from the z " 6 quasar candidates list.
4.4.5 Our spectroscopic follow-ups
We applied for VLT observing time (Circle 81) for the spectra of three out of
four of our z " 6 QSO candidates in the GOODS-S, which are lying within a single
FORS2 field. Low spectral resolution is acceptable since QSOs are characterized by
broad lines. We find that GRIS 150I+27 is the optimal choice and will provide us
with spectra with 6.9 A / pixel of spectral resolution, a wavelength range from 6000A
to 11000A and a useful field of view (for complete spectral coverage) of "5.5’ & 6.8’.
Our goal is to obtain spectra with S/N of at least 4 per resolution element. We will
use the MXU mode and we plan to fill two slits with bright objects for mask alignment
and other slits with two candidate QSOs at z = 5 identified with the same method
applied to V-dropouts and other z # 5 galaxy candidates not previously observed in
GOODS.
We were granted four half-night observation time on Keck Telescope in Hawaii
in 2009. But the spectra are inconclusive in assessing whether the candidates in the
GOODS-South are true quasars or not. The same story happened again in Spring
2011. As listed in Table 4.3, our objects are all brighter than 24.5 so that they are
very promising to be detected by spectroscopy.
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4.5 Discussion
Luminosity-dependent evolution of the space density of soft X-ray selected bright
AGNs (Hasinger et al. 2005) and optically selected faint QSOs (e.g., Wolf et al. 2003
and Richards et al. 2006) both peak around z "2. And the data are well fitted by
double-power law (e.g., Fontanot et al. 2007) or the exponential L1/4 law (Pei 1995)
to z "5. But the lack of faint QSOs detected at z " 6 leaves us great uncertainty
on the QLF. Shankar and Mathur (2007) argue using some incomplete surveys that
there is flatting at M1450 > %24.67. Fewer or no detection of QSOs in any of our fields
would significantly bend the QLF down at the faint end to adopt a double-power-law
form.
SDSS-main QSOs have central BHs with masses about a few 109 M# (Kurk et al.
2007), and our candidates are expected to harbor BHs with masses of order 107 M#
or less. Trenti & Stiavelli (2008) derived a QLF assuming that it is the product of ac-
cretion from seed BHs formed by first stars.The accretion rate is limited by the total
amount of gas available within the host dark halo, leading naturally to a BH-galaxy
mass correlation and to a QLF in agreement at high luminosities with the SDSS one
but predicting steeper slopes at fainter magnitudes. Volonteri & Rees (2006) stud-
ied the growth of supermassive BHs considering also a number of dynamical e"ects
including in particular BH mergers. They also predict QLF that could be as steep
or slightly steeper than the one observed at the bright end. Begelman, Volonteri &
Rees (2006) have considered an entirely di"erent scenario where massive seed BH
could form directly out of gaseous collapse at high redshift and then possibly grew
super-Eddington up to 104"6M#. This model is favored by the z=7.1 quasar recently
discovered by Mortlock et al. (2011b). Such seed BHs could grow at a more leisurely
rate and it is harder to make a firm prediction on the z " 6 QLF that one would
obtain. Beaming of jets also brings complexity to the study. If beaming is considered
when estimating the quasar luminosity, there will be fewer bright quasars. In the
meantime, there will be more quasars undetected if they are not beaming toward us.
These two e"ects may not change the total contribution of quasars to the reionization,
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but a"ect the shape of QLF. Thus, measuring the QLF slope at fainter magnitudes
than achievable by the SDSS and the CFHQS would give us direct insight on the
possible formation mechanisms of the z > 3 QSOs.
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Figure 4.1 QLF at z " 6 . The slope-fit (green line) is from Jiang et al. (2008) and
the slope-flat (blue line) is 1# flatter. The red line is fitted for all SDSS points and
our candidates, assuming they are all real which are actually the upper limit.
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Table 4.1. Most Updated Quasars z#5.7
QSOs redshift reference
J104433.04-012502.2 5.80 (1) Fan et al. (2000)
J083643.85+005453.3 5.82 (2) Fan et al. (2001)
J130608.26+035626.3 5.99 (2)
J103027.10+052455.0 6.28 (2)
J114816.64+525150.3 6.42 (3) Fan et al. (2003)
J104845.05+463718.3 6.23 (3)
J163033.90+401209.6 6.05 (3)





J114816.2+525339 5.70 (5) Mahabal et al. (2005)







J084119.52+290504.4 5.96 (7) Goto et al. (2006)
J142516.3+325409 5.85 (8) Cool et al. (2006)












J020332.39+001229.3 5.85 (11) & (12) Venemans et al. (2007)
J1427+3312 6.12 (13) Momjian et al. (2008)

























J222843.54+011032.2 5.95 (18) Zeimann et al. (2011)
J1120+0641 7.1 (19) Mortlock et al. (2011)
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Table 4.2. Most Updated Quasars at z>3 in Our Deep Fields
QSOs redshift reference
J033204.94-274431.7 3.46 Cristiani et al. (2000)
J033218.83-275135.4 3.66 Szokoly et al. (2004)
J033229.29-275619.5 4.76 Gilli et al. (2011)
J033229.85-275105.9 3.70 Norman et al. (2002)
J033239.66-274850.6 3.06 Szokoly et al. (2004)
J033242.84-274702.5 3.19 Szokoly et al. (2004)
J123629.44+621513.2 3.65 Cowie et al. (2004)
J123643.09+621108.8 3.23 Cowie et al. (2004)
J123647.96+620941.6 5.19 Barger et al. (2002)
J123703.98+621157.8 3.41 Barger et al. (2003)
J123723.71+622113.3 3.52 Cowie et al. (2004)
72
Table 4.3. Four z " 6 QSO Candidates in the GOODS-South Field
ID z850 Ja i775 % z850 z850-J
J033204.69-274959.1 24.09 25.11 1.47 -1.02
J033205.72-274959.8 24.36 24.97 1.33 -0.61
J033222.47-275047.4 24.42 23.12 1.74 1.30
J033229.59-275228.7 23.18 22.07b 1.52 1.11
aFrom the GOODS-MUSIC catalog (Grazian et al,
2006).
b24.76 in the GOODS-SIMPLE catalog (Damen et al.
2011).
Table 4.4. Expected z " 6 QSO Numbers in Our Deep Fields
numbers GOODSa HUDFb
Nfitc 8± 4 26± 10
Nflatd 3± 2 4± 3
aas deep as magnitude 25.5.
bas deep as magnitude 27.5.
cexpected by the slope-fit.




AT z " 5
We report the discovery of a Compton-thick Active Galactic Nucleus (AGN) at
z = 4.76 in the 4 Ms Chandra Deep Field South. This object was selected as a
V -band dropout in HST/ACS images and previously recognized as an AGN from
optical spectroscopy. The 4 Ms Chandra observations show a significant (" 4.2#) X-
ray detection at the V -band dropout position. The X-ray source displays a hardness
ratio of HR=0.23±0.24, which, for a source at z " 5, is highly suggestive of Compton-
thick absorption. The source X-ray spectrum is seen above the background level in
the energy range of " 0.9 % 4 keV, i.e., in the rest-frame energy range of " 5 % 23
keV. When fixing the photon index to # = 1.8, the measured column density is
NH = 1.4
+0.9
"0.5 & 1024 cm"2, which is Compton-thick. To our knowledge, this is the
most distant heavily obscured AGN, confirmed by X-ray spectral analysis, discovered
so far. The intrinsic (de-absorbed), rest-frame luminosity in the 2-10 keV band is
" 2.5 & 1044 erg s"1, which places this object among type-2 quasars. The Spectral
Energy Distribution shows that massive star formation is associated with obscured
black hole accretion. This system may have then been caught during a major co-
eval episode of black hole and stellar mass assembly at early times. The measure
of the number density of heavily obscured AGN at high redshifts will be crucial to
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reconstruct the BH/galaxy evolution history from the beginning. A version of this
Chapter has been included in Gilli, Su, Norman, Stiavelli et al. (2011).
5.1 Introduction
While optically bright quasars are the most spectacular expression of accretion
onto supermassive black holes (SMBHs) at galaxy centers, it is widely believed that
SMBHs grow most of their mass during obscured phases, in which the detection
of the nuclear power becomes challenging (e.g., Fabian 1999). Large amounts of
gas and dust are found to hide the majority of Active Galactic Nuclei (AGN) in
the nearby and distant Universe, as demonstrated by deep and wide X-ray surveys
over di"erent sky fields (see e.g., Brandt & Hasinger 2005 for a review). From "30
to "50% of all AGN are believed to be obscured by extreme gas column densities
above NH = #
"1
T " 1024cm"2. These objects are dubbed “Compton-thick” and
represent the most elusive members of the AGN population. The evidence for an
abundant population of local Compton-thick objects is compelling: up to " 50%
of nearby Seyfert 2s contain a Compton-thick nucleus (Risaliti et al. 1999; Akylas
& Georgantopoulos 2009); about 50 objects - mostly local - have been certified as
“bona-fide” Compton-thick AGN by X-ray spectral analysis (Comastri 2004).
Synthesis models of the X-ray background (XRB) suggest that Compton-thick
AGN must be abundant at least up to z " 1 to explain the peak of the XRB at
30 keV (see e.g., Gilli et al. 2007; Treister et al. 2009, and references therein). A
population of distant, Compton-thick AGN, as abundant as that predicted by XRB
synthesis models, is also required to match the SMBH mass function measured in
nearby galaxies with that of “relic” SMBHs grown by accretion (e.g., Marconi et al.
2004). In recent years it has been proposed that Compton-thick AGN represent a
key phase of the BH/galaxy coevolution, during which the BH is putting most of its
feedback into the host galaxy (e.g., Daddi et al. 2007; Menci et al. 2008), and it has
also been suggested that their number density steeply increases with redshift (Treister
et al. 2009).
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The observation of heavily obscured AGN at high-z, z # 2%3, remains challenging
and it is very di!cult to estimate their abundance since they produce only a small
fraction of the XRB emission and are thus poorly constrained by synthesis models.
Deep X-ray surveys have proven e"ective in revealing a few “bona fide” Compton-
thick AGN at high-z. For instance, four such objects at 1.53 < z < 3.70 have been
discovered in the Chandra/XMM - Deep field South (CDFS; see Norman et al. 2002;
Comastri et al. 2011; Feruglio et al. 2011). Other examples of candidate Compton-
thick AGN at high-z have been reported (e.g., Tozzi et al. 2006; Polletta et al. 2008),
even up to z=5.8 (Brandt et al. 2001), albeit with poorer X-ray photon statistics.
Selection techniques based on the strength of the mid-IR emission with respect to
the optical and X-ray emission have also been developed and applied to select large
populations of candidate Compton-thick AGN up to z = 2 % 3 (Daddi et al. 2007;
Alexander et al. 2008a; Fiore et al. 2009; Bauer et al. 2010). Once more, however,
the lack of X-ray spectra prevents an unambiguous determination of the absorbing
column density, making the measurements by these works largely uncertain.
In this Chapter, we report the discovery of a “bona-fide” Compton-thick AGN at
z=4.76 in the 4 Ms CDFS.
5.2 Source selection and Observations
We searched for V%band dropout objects in the HST/ACS v2.0 data of GOODS-
South (Giavalisco et al. 2004) associated with X-ray emission in the 4 Ms Chandra
image. We used the V606-dropout selection criteria from Oesch et al. (2007), which
e"ectively pick sources at 4.7 < z < 5.71. Details on the production of the V -dropout
catalog are given in Su et al. (2011). Additionally, we required a stellarity parameter
(CLASS STAR) greater than 0.9 in the z850 band to choose point-like sources. This
led to 21 star-like V606-dropouts with z850 < 25.5, among which there are four z"5
galaxies, eleven stars, three lower-redshift galaxies, and one z"5 AGN, which is the
1An object is defined as a V606-dropout if V606% i775 > min[1.5+0.9(i775%z850), 2], V606% i775 >
1.2, i775 % z850 < 1.3, S/N(z850) > 5 and S/N(B435) < 3.
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only object detected in X-rays (XID403 in the 4 Ms CDFS catalog of Xue et al.
2011). The remaining two candidates have not been identified spectroscopically. The
measured AB magnitudes of XID403 in ACS images are: V606 = 26.84± 0.10, i775 =
25.21± 0.04, z850 = 25.05± 0.04. The 5# detection limit in the B435-band is 28.4 AB
mag.
XID403 (J033229.29-275619.5) was recognized as an AGN at z = 4.76 based on
FORS-2 spectroscopy (Vanzella et al. 2006). Its optical spectrum exhibits a narrow
(FWHM( 1000 km s"1) Ly" emission line and a broader (FWHM" 2000 km s"1)
NV)1240 emission line, with an integrated flux similar to Ly". A more recent spec-
trum with DEIMOS/Keck confirms both features (Coppin et al. 2009). The Spectral
Energy Distribution of XID403 was published by Coppin et al. (2009). Based on a
LABOCA detection at 870µm, they showed that this source is a bright submillimeter
galaxy with SFR"1000 M# yr"1. A large reservoir of molecular gas (" 1.6&1010M#)
was also identified through CO(2-1) observations (Coppin et al. 2010).
We considered the same optical to mid-IR datasets used by Coppin et al. (2009)
and improved on the SED by adding the detection at 1.1 mm by AzTec/ASTE
(f1.1mm = 3.3 ± 0.5mJy; Scott et al. 2010) and the Y , J and Ks magnitudes from
the deep NIR imaging by HAWK-I/VLT (YAB = 24.56 ± 0.12, JAB = 24.37 ± 0.14,
KAB = 24.03±0.20; Castellano et al. 2010). This object is also detected (at " 3#) at
1.4 GHz with a peak flux of 22.3 µJy (N. Miller priv. comm). Unfortunately, it falls
just outside the areas covered by the 16µm Spitzer/IRS mosaic (Teplitz et al. 2011)
and GOODS-Herschel (PI D. Elbaz). XID403 is not detected in the 3 Ms XMM
image of the CDFS.
5.3 X-ray data analysis
A total exposure of ( 4 Ms has been accumulated on the CDFS as a result of 54
individual observations with ACIS-I performed during three di"erent time periods:
" 0.8 Ms in 2000, " 1 Ms in 2007 and " 2 Ms in 2010. X-ray data products,
including event files for each observation and also for the merged datasets are publicly
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available2. In this paper we use the data products by Xue et al. (2011) who derived
X-ray source catalogs from a full reprocessing and astrometric recalibration of the
event files. We used CIAO v4.1 and the Funtools package3 to perform X-ray aperture
photometry at the position of XID403. The separation between the optical and X-ray
centroids is " 0.4”, which is well within the 1# X-ray source positional uncertainty
("0.47”). To maximize the S/N ratio, we measured the source counts in di"erent
bands within a small aperture of 3” radius, which encloses "50% of the PSF at
1.5 keV at the source location (" 8 arcmin o"-axis). We measured 37.0 ± 8.7 net
counts in the 0.9-4 keV band, corresponding to a " 4.2# detection4. We verified
that similar results are obtained when using di"erent local background regions. The
hardness ratio, defined as HR = (H-S)/(H+S), where S and H are the net counts
observed in the 0.5-2 keV and 2-7 keV bands, respectively, is HR=0.23 ± 0.24 (not
corrected for vignetting). This value, for an AGN at z " 5 with a standard intrinsic
spectrum (i.e., # = 1.8) is highly suggestive of heavy obscuration. For comparison,
an AGN at z " 5 with NH ( 1023cm"2 is expected to have HR( %0.35 at the
source position. We extracted the X-ray spectrum in the 0.5-7 keV band using the
same 3” radius aperture and verified that below 0.9 keV and above 4 keV the source
emission is indistinguishable from the background. The spectrum and response files
were created using the psextract script in CIAO. Since psextract does not account
for the PSF fraction when building up the e"ective area file, we multiplied the 0.5-2
keV and 2-10 keV fluxes as obtained from the spectral fit by a factor of 2 and 2.5,
respectively, to recover the full aperture-corrected X-ray fluxes. We found consistent
results either using spectral responses extracted from individual observations, or those
obtained as an exposure-weighted mean over all individual responses. To double
check the reliability of this procedure we also built spectral response files for one of
the Chandra exposures (ObsID=8594) using the ACIS-Extract software (Broos et al.
2010) which allows proper construction of e"ective area files at any PSF fraction.
2http://cxc.harvard.edu/cda/Contrib/CDFS.html
3https://www.cfa.harvard.edu/̃john/funtools
4XID403 has 82 ± 25 net counts in the 0.5-8 keV band (100% PSF) in Xue et al. (2011), in
agreement with our estimate.
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Again, consistent results are found when using the ACIS-Extract responses. We
analyzed the X-ray spectrum with XSPEC v11.3.2 using the Cash statistic (Cash
1979) to estimate the best-fit parameters. Errors are quoted at 1# confidence level.
We first fitted the data using a powerlaw spectrum modified by galactic absorption,
which returns # = %0.64+1.15"0.73. We then used the plcabs model (Yaqoob 1997),
which follows the propagation of X-ray photons within a uniform, spherical obscuring
medium, accounting for both photoelectric absorption and Compton scattering. This
model can be used in the case of heavy absorption (up to 5 & 1024 cm"2) and up to
rest-frame energies of " 20 keV. When fixing the photon index to # = 1.8, we derived
a Compton-thick column density of NH = 1.4
+0.9
"0.5 & 1024 cm"2 (see Fig. 1). If we
conservatively assume # = 1.0, which is # 4# o" the average intrinsic AGN value,
we still obtain NH > 1024 cm"2. The measured absorption should be interpreted
as a lower limit, since a cold reflection model (pexrav), corresponding to NH # 1025
cm"2, provides an equally good fit. 5 Fitting the data with the recent MYTorus model
(Murphy & Yaqoob 2009), which accounts for a toroidal distribution of the obscuring
matter, again returns NH > 1024 cm"2. No prominent iron K" line is observed at
1.1 keV (i.e., 6.4 keV rest-frame), but this is not in conflict with the Compton-thick
scenario. Indeed, the observed EW scales with (1 + z)"1, so that EWrest "1-2 keV,
as is typical of Compton-thick AGN, would translate into EWobs "170-340 eV. We
verified that such a weak line can be easily accomodated in the fit and that only
loose upper limits can be derived for the equivalent width (EWrest < 4.3 keV at 90%
c.l.). The aperture-corrected X-ray fluxes, as extrapolated from the X-ray fit, are
f0.5"2 = 4.2 ± 1.5 & 10"17 erg cm"2 s"1 and f2"10 = 6.8 ± 2.4 & 10"16 erg cm"2 s"1.
The intrinsic (de-absorbed), rest-frame 2-10 keV luminosity is " 2.5 & 1044 erg s"1,
which places XID403 at the low end of the X-ray luminosity range for type-2 quasars.
Admittedly, the uncertainties in the geometry of the obscuring (and reprocessing)
material might substantially a"ect the derivation of the intrinsic luminosity. However,
we note that, if the spectrum were produced by pure reflection and a typical reflection
5When grouping to a minimum of 1 count per bin, the value of the C-statistic over the degrees
of freedom is 54.7/59 and 55.2/60 for the plcabs and pexrav model, respectively.
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e!ciency of " 2% is assumed (Gilli et al. 2007), the intrinsic luminosity would be
even higher.
XID403 was detected in the 1 Ms CDFS catalog by Giacconi et al. (2002, XID=618),
with f0.5"2 = 1.6±0.5&10"16 erg cm"2 s"1 and f2"10 < 7.6&10"16 erg cm"2 s"1. The
" 4 times larger soft X-ray flux is likely due to contamination from high background
fluctuations over the larger (8” radius) extraction region adopted in that catalog. We
checked the photometry of the 2000, 2007 and 2010 periods separately using a smaller
3” radius: no significant source variability is detected in any band. XID403 was below
the detection thresholds of the 1 Ms CDFS catalog by Alexander et al. (2003) and
2Ms CDFS catalogs by Luo et al. (2008).
5.4 Discussion and Conclusions
5.4.1 SED fitting
We searched for additional indicators of heavy obscuration by considering data at
other wavelengths. We first investigated the observed (i.e., not corrected for absorp-
tion), rest-frame 2-10 keV to 6µm luminosity diagnostic ratio (X/IR, e.g., Alexander
et al. 2008a). We derived the X-ray luminosity from the spectral fit and used the
" 4µm rest-frame luminosity (derived from the Spitzer/MIPS datapoint at 24µm) as
a proxy for the 6µm luminosity. The X/IR ratio of " 5 & 10"3 would place XID403
in the region populated by Compton-thick AGN (Alexander et al. 2008a). When
considering the F (24µm)/F (R) vs R % K color diagram elaborated by Fiore et al.
(2009), XID403 would fall in “cell E” , where a significant fraction (" 25 % 30%) of
galaxies is found to host a heavily obscured, candidate Compton-thick AGN.
We then built the Spectral Energy Distribution (SED) from the X-rays to the
radio regime (see Fig.2). As already shown by Coppin et al. (2009), the radio to
FIR emission of this source is dominated by dusty star formation, at a rate of "1000
M# yr"1. We note that X-ray binaries associated to such a high SFR would produce
Lobs2"10 " 2 % 5 & 1042 erg s"1 (Ranalli et al. 2003; Lehmer et al. 2010), similar to
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the observed value. However, X-ray binaries have on average much softer spectra
(# # 1.5, Remillard & McClintock 2006) than observed (# = %0.64). If absorption is
invoked to explain such a spectral hardness, then intrinsic luminosities of * 1044 erg
s"1 are derived, which are incompatible with X-ray binary emission.
A reasonable match with the MIR to UV datapoints could be obtained with
a reddened QSO template with AV " 0.7 % 0.8 (adopting the extinction curve of
Gaskell & Benker 2007). When converting the measured optical extinction into an
equivalent hydrogen column density by applying the relation valid for the Milky Way
ISM (NH " 1.8& 1021AV ), we find NH " 1.3& 1021 cm"2, which is three dex smaller
than what is estimated from the X-ray spectral fit. A mismatch between the X-ray
and the optically estimated column density, in the range of " 3 % 100, is observed
in local AGN, calling for a number of interpretations (e.g., low dust-to-gas ratio;
Maiolino et al. 2001a). The mismatch observed in XID403 is "1000, which would
make this object extreme.
In their SED analysis Coppin et al. (2009) suggest a di"erent, stellar origin for
the optical/UV rest frame emission. Following the parameterization used by Vignali
et al. (2009) and Pozzi et al. (2010) for obscured AGN, we fitted the SED of XID403
with a stellar component, an AGN torus component, and a dusty starburst compo-
nent. The dusty starburst is responsible for the bulk of the FIR to radio emission,
while the AGN torus produces the entire emission at 24µm (4µm rest-frame). A
galaxy template with M( " 1.2 & 1011M#, AV " 1 and a "1-Gyr-old constant star
formation rate nicely fits the optical/UVrest data. However, a possible problem in
interpreting the optical/UVrest emission as stellar light is that XID403 is pointlike
in the deep HST/ACS images (CLASS STAR=0.99 in i775 and z850), which would
imply a half-light radius of < 0.3 kpc. Although very compact morphologies have
been observed in a fraction of distant sub-mm galaxies (Ricciardelli et al. 2010), the
pointlike nature of XID403, coupled to the presence of broad NV emission, might
suggest that the optical/UVrest light has a nuclear origin. In particular, we could
be looking at a fraction (" 10%) of nuclear radiation that leaks out without being
absorbed or is scattered towards us and thus would be polarized. If true, the e"ective
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extinction to the nucleus would be much higher than that estimated by fitting the
whole MIR to UV emission with a reddened QSO template, being more in line with
the large X-ray column density. This interpretation has been already proposed by
Polletta et al. (2008) to explain the relatively blue optical/UV emission and broad
line components of two sub-mm galaxies at z " 3.5 hosting heavily obscured AGN,
similar to XID403. Also, although the stellarity parameter is uncertain for the faint
K-band detection, the decrease of CLASS STAR from 0.95 in Y to 0.74 in K may
also suggest that the host galaxy contributes significantly only at )rest > 4000Å. In
Fig.2 we show a possible SED decomposition for XID403 obtained by adding an AGN
torus component and a scattering component (corresponding to " 10% of the AGN
intrinsic UV emission6) to the SED of Arp220. In summary, the full SED analysis
shows that XID403 is not a classic, type-2 QSO (i.e., a narrow-line, X-ray obscured
AGN whose physical properties can be explained within the standard, geometry-based
Unified Model; Norman et al. 2002), but points to a complex physical picture likely
related to its active assembly phase.
5.4.2 Black hole and stellar mass growth
The IR emission from the AGN torus and the measured X-ray emission are used
(see e.g., Vignali et al. 2009; Pozzi et al. 2010) to derive an AGN bolometric power
of 7 & 1045 erg s"1. Assuming that the BH is radiating at the Eddington limit, as
might be expected during these active BH and galaxy build-up phases, would imply
MBH = 5 & 107M#. This in turn gives MBH/M( " 4 & 10"4, which is a factor of 5
smaller than the local value. It would then seem that both BH and stellar mass are
rapidly growing towards their final values, but the BH is lagging behind as seen in sub-
mm galaxies at z " 2 (Alexander et al. 2008b) and expected by recent semi-analytic
models of BH/galaxy formation (Lamastra et al. 2010). However, since the estimated
BH mass is a lower limit (accretion might be sub-Eddington) and the stellar mass
derived in the previous section might be an upper limit (the AGN likely contributes
6The intrinsic AGN UV emission is estimated by normalizing the QSO template of Elvis et al.
(1994) to the Spitzer/MIPS datapoint.
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to the optical/UVrest light), this ratio might well be equal to the local value.
5.4.3 Expectations for high-z Compton-thick AGN
While the space density of luminous, unobscured and moderately obscured QSOs
declines exponentially at z # 3 (e.g., Brusa et al. 2009; Civano et al. 2011), the be-
haviour of heavily obscured objects has still to be properly determined. Semi-analytic
models of BH/galaxy evolution linking the obscuration on nuclear scales to the gas
availability in the host galaxy (e.g., Menci et al. 2008), would predict an increasing
abundance of obscured AGN towards high redshifts, and some observational evidence
of this trend has been reported (Treister et al. 2009 and references therein).
We considered the number of Compton-thick AGN as expected from the synthesis
model by Gilli et al. (2007). XID403 is detected with a 2-10 keV flux " 2 times
larger than the detection limit at its position. The mean limiting flux over the 160
arcmin2 GOODS-S area is f2"10 = 1.5 & 10"16 erg cm"2 s"1. Using the Gilli et al.
(2007) model, one would expect from 0.06 to 0.6 Compton-thick AGN in the range
of 4.7 < z < 5.7 with f2"10 > 3 & 10"16 erg cm"2 s"1 in GOODS-S, depending on
whether their space density undergoes the same high-z decline as observed for less
obscured QSOs or stays nearly constant. Clearly, any firm conclusion is prevented
by the low statistics. However, the mere presence of a Compton-thick AGN at z > 4
in such a small area (and this could be a lower limit since we did not investigate the
whole X-ray source catalog) might suggest that the space density of Compton-thick
AGN is not rapidly declining towards high redshifts. This shows that the detection of
even a small number of heavily obscured AGN at z > 4 in ultra-deep X-ray surveys
would have a strong leverage on our understanding of early BH evolution.
X-ray spectral analysis is the only unambiguous way to determine whether an
AGN is shrouded by Compton-thick matter. Observations at energies above 10 keV
are an obvious way to identify Compton-thick AGN, but the current high-energy
instrumentation and that foreseen in the near future (NuSTAR, Astro%H) will not
allow sampling objects beyond z " 1 % 1.5. Below 10 keV, sensitive observations
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with limiting fluxes of * 10"17 erg cm"2 s"1 over wide sky areas, such as those from
the proposed missions IXO (White et al. 2010) and WFXT (Murray et al. 2010),
would be required. The only concrete way to detect and unambiguously recognize
high-z Compton-thick AGN in the near future is through even deeper observations
with Chandra.
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Figure 5.1 Top : The observed 4 Ms Chandra X-ray spectrum of XID403 and best-
fit model (data/model ratio in the bottom panel). A best fit column density of
NH = 1.4
+0.9
"0.5 & 1024 cm"2 is obtained when assuming # = 1.8. The spectrum has
been rebinned for display purposes. Bottom : Response corrected spectrum and best
fit model. The inset shows a smoothed 0.9-4 keV image of XID403 (size is 30”&30”).
The cross marks the position of the optical V -dropout.
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Figure 5.2 Spectral energy distribution of XID403 (observed frame) and possible
decomposition into a galaxy component (red dashed line) and an AGN component
(blue dotted line). The green solid line is the sum of the two. The template of Arp
220 shifted to z = 4.76 is adopted for the galaxy emission. The sum of a torus and a






Over the course of this thesis, we have extended significantly the sample size of
high-redshift galaxies and quasars. By visiting all the deep fields made available by
the HST, we have identified thousands of high-redshift galaxies, especially at z > 6
(cf, Table 1.1). This makes our sample statistically more significant than previous
studies.
We have greatly improved the methodology in this field, by developing a set
of innovations in dealing with images and data, compared to other groups (e.g.,
Bouwens et al. 2007). To make optimal use of information, we investigate un-binned
data without grouping them. To avoid possible uncertainties brought on by large
corrections when close to the detection limit of the surveys, we adopt a moderate
magnitude cut to exclude the faintest sources. To take into account scattering in
and out of the dropout sample due to photometric errors, we introduce the f -factor
technique to take a probabilistic view at these candidates. To overcome the e"ect from
the very uncertain relation between parameters, we modify the maximum likelihood
process. To estimate the generally agreed LF parameters assuming all the current
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studies are independent and correct, we introduce Bayesian and global statistical
method (Chapter 2). All the above lead our results to be more robust and more
reliable.
We have successfully reached a series of conclusive results to better understand of
some of the major questions of cosmology posed in Chapter 1, e.g., what are the first
objects to light up the universe after the dark ages? We recognize that there are more
faint galaxies at high redshifts than previously expected (Chapter 2 and 3), meanwhile
fewer faint quasars (Chapter 4), which suggests that galaxies are the main sources to
keep ionizing the universe. This observation also confirms the model of hierarchical
build-up of masses of galaxies. We study the luminosity function and the luminosity
density over a time scale of one billion years, from the very end of the dark ages to the
well-established epoch of reionization (Chapter 1). A constant normalization, a slowly
steepening slope, and a relatively rapidly dimming characteristic luminosity towards
higher redshifts can best describe the evolution of the luminosity function from 600
Myr to 1.6 Gyr (Chapter 3). Those discoveries will help guide future theoretical and
observational studies.
Several closely related projects have progressed. For example, the previously
thought-to-be distant galaxy, J033238.80-274953.7, is discovered to be actually a star
in our Milky Way, suggested by its four-year proper motion (Chapter 3). The most
distant obscured quasar, namely, J033229.29-275619.5, has also been found by care-
fully matching its images from several space telescopes, including the HST and the
Chandra (Chapter 5).
We will continue on our journey to further understand the early universe.
6.2 Future Works
The Committee for a Decadal Survey of Astronomy and Astrophysics (2010) has
suggested three priority science objects for the decade 2012-2021. One of them is
exactly what we are doing, i.e., searching for the first stars, galaxies, and black
holes. The discoveries in the area have already been two of the ten most important
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achievements of the Hubble Space Telescope1.
There is much work still in progress. One of our ongoing projects would be
supplementing the study of the galaxy LF at redshift region 4 < z < 9 by including
data from more fields, e.g., the BoRG and the CANDELS. An initial study has shown
an overdensity at z " 8 in one of the fields. We will explore whether the evidence of
evolution of the LF parameters is statistically significant. A second ongoing project
is to identify quasars by cross-correlating optical dropouts with deep X-ray and IR
observations. The detections in the X-ray or IR images would enhance greatly the
chance of being high-redshift sources for these dropouts in optical bands. We have
initialized the search for B435-dropouts in the E-CDFS field and compared them with
available catalogs, e.g., Cardamone et al. (2010) and Ra"erty et al. (2011). A
principal component analysis shows the latter catalog performs better in matching
photometric redshifts with spectroscopic redshifts within the redshift window we are
interested in.
To find B435-dropouts designed to 3 < z < 5, we ask for
B435 % V606 > 1.1 + (V606 % z), (6.1)
B435 % V606 > 1.1, (6.2)
V606 % z850 < 1.6, (6.3)
S/N(V606) > 5, (6.4)
S/N(i775) > 3, (6.5)
following Papovich et al. (2004) as many other groups (e.g., Beckwith et al. 2006,
Bouwens et al. 2007, Stark et al. 2009, Dahlen et al. 2010). The selection criteria are
slightly relaxed to maximize the completeness of the detection, instead of minimizing
the contaminations as in Giavalisco et al. (2004). In this way, we have identified about
1100 sources2 brighter than magnitude 27.5 which include almost all the confirmed
1http://www.nasa.gov.
2We ask for detections in both V-band and i-band and signal as its 2-! limit for the B-band
during non-detection. Instead, Dahlen et al. (2010) ask for z-band detection and 1-! limit for the
B-band during non-detection so that they find 2129 B-dropouts including very faint z850 " 28.5
ones.
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3 < z < 5 sources in the GOODS-South field.
We would also like to study small number statistics to improve reliability of the
results. This is especially useful in the study of z # 6 galaxies and quasars where only
tens of objects are available. Besides, we are interested in the clustering properties
of the early sources. Kolmogorov-Smirnov tests and Landy-Szalay estimators have
been conducted on the HUDF to reach some preliminary but inclusive results. There
is less than a 5% probability that the bright i775-dropouts (z850 < 27.5) or the faint
i775-dropouts (z850 > 27.5) be so arranged by chance. The work should be extended to
di"erent redshift windows, with the correlation function also being well constrained.
The James Webb Space Telescope (JWST), scheduled for launch in 2018, will pro-
vide unparalleled sensitivity in the infrared to pinpoint the first galaxies and quasars.
With a 10 ks exposure time, the JWST will detect point sources as faint as mag 29
with a 10# significance3. In comparison, the ground-based observatory Gemini can
only find bright objects of mag 20% 24 in the near-infrared. Other instruments, such
as the Giant Segmented Mirror Telescope (GSMT), planned for construction over
the coming decade, will render within spectroscopic reach the most distant objects
imaged by the JWST. We will take advantage of their images and spectra to finally




More About Photometric Scatter
and Flux Boosting
We assume the photometric scatter is in a Gaussian distribution, thus the prob-













where ! is the actual LF, i.e., Equation (7) in Chapter 2.3.3 .
When the photometric error # is very small, G takes the limit of the Dirac function
and it is always true !& ) !. When the surveys are pushed close to the detection
limit, # is not negligible and also far from uniform in the magnitude window. To





2(m! %m) + 10
(A.3)
Simulations show that the e"ect of flux boosting from fainter magnitudes outside our
selection window is negligible. But as shown in Table A.1, if #(m) increases much
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Table A.1. The Steepening of " by the flux boosting for #(m) $ 100.3(m"m!)
" = %1.5 " = %1.7 " = %1.9
S/N > 3 0.14 0.18 0.26
S/N > 5 0.03 0.04 0.08
S/N > 7 0.01 0.02 0.03
faster with m, or if lower S/N candidates are included, there will be considerable
steepening at the faint end due to the photometric scattering. We simulate 4000
objects according to the given LF parameters, i.e., m! is fixed and " = -1.7 in [m!-
3.5,m!+4.5]. Their magnitude errors are assumed to be in the form of 100.3(m"m!)
which comes from the real data of the HUDF. For each realization, the change of
magnitudes brought by their errors will also change their detected S/N. We choose
those with the S/N> 5 and lying within [m!-2.5,m!+2.5] to determine the slope. This
process repeats for di"erent combinations of S/N> 5, 7, 9 and " = -1.5, -1.7, -1.9.
We can see from Table A.1 that if the S/N is kept > 5, the steepening of the faint





Spectroscopy requires identification of spectral lines (typically emission lines) and
record their wavelength ). The relative shift of these lines ()o) compared to their
known positions measured in the laboratory ()e) allows us to measure the redshift.
A photon will be observed to have a wavelength )o = (1 + z))e if it is emitted in a
wavelength )e at redshift z.
The Hubble constant H0 = v/d can be measured by averaging the ratio of the






= (1 + z)DC (B.1)
is useful when we want to know how bright an object looks like at the line-of-sight




E(z") . Here the Hubble distance DH ) c/H0 and
E(z) =
'
%M (1 + z)3 + (1% %M ). %M is the ratio relative the critical density for
matter today. When the universe is expanding, we always use the concept of comoving
volume










The K-corrected absolute magnitude in the rest frame of an object is given by,
M = m% 5 log(DL)%K, (B.4)
where K is the corresponding K-correction as to, e.g., Hogg et al. (2002).
B.2 Ionization
The number of ionizing photons required to maintain ionizing the universe at




" 2.5& 1047C(1 + z)3[Mpc s"1], (B.5)
where nH(0) is the hydrogen number density, trec(z) is the time scale of hydrogen+electron
recombination, and C )< .2HI > / < .HI >2 is the clumpiness factor of neutral hy-
drogen due to the inhomogeneities on large scale. On the other hand, the production
rate of ionizing photons is
ṅc " fesc & 1013L' (B.6)
where fesc is the escape factor of ionizing photons from the sources to the IGM.
Therefore, if ṅc of one kind of source is larger than Ṅ(z), then this source can keep
the universe ionized at the given redshift.
B.3 Black Hole
For spherical accretion of ionized gas, the bolometric luminosity emitted by a black
hole has a maximum value beyond which radiation pressure prevents gas accretion,




















The fact that * is much shorter than the age of the universe even at high redshift
implies that BH growth is mainly limited by its total fuel reservoir.
Nuclear fusion releases " 7& 106 eV per hydrogen atom, and thin-disk accretion
onto black hole release 10 times more energy. It is therefore su!cient to convert a
small fraction, i.e., " 10"5, of the total baryonic mass into stars or BHs to ionize the
rest of the universe at z(3, because the ionization of hydrogen requires only 13.6 eV.
B.4 Star Formation Rate
Observations of the star formation rates (SFR) in galaxies provide vital clues to
the physical nature of the Hubble sequence and are key probes of the evolutionary
history of galaxies (Kennicutt 1998). When the integrated spectrum is dominated by
young stars, the SFR scales linearly with luminosity. Converting the calibration of
Madau et al. (1998) to Salpeter’s (1955) initial mass function (IMF) with mass limits
0.1 and 100 M# yields
SFR [M# yr
"1] = 1.4& 10"28L' [ergs s"1 Hz"1], (B.10)
thanks to the fact that for a Salpeter IMF, the composite UV spectrum happens to be
nearly flat in L' over the wavelength 1500-2800 Å. This equation applies to galaxies
with continuous star formation over time scales of 108 years or longer.
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